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Regency  Hill  Country  Resort,  San  Antonio,  TX,  October  4-6,  1994.  This  work¬ 
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Science  and  Technology .  Papers  from  the  workshop  from  1992  onwards  appear 
in  special  issues  of  Journal  of  Electronic  Materials. 
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Two-Dimensional  Molecular  Beam  Epitaxy  of  {001}  CdTe 
on  Cd  and  Zn  Terminated  {001}  GaAs 


N.K.  DHAR*  and  C.E.C.  WOOD 

Electrical  Engineering  Department,  University  of  Maryland,  College  Park, 
MD  20742 

P.R.  BOYD  and  H.K.  POLLEHN 

Army  Research  Laboratory,  Fort  Belvoir,  VA  22060-5838 

M.  MARTINKA,  J.D.  BENSON,  and  J.H.  DINAN 

Night  Vision  &  Electronic  Sensors  Directorate,  Fort  Belvoir,  VA  22060 

Amorphous  layers  of  CdTe  deposited  on  Cdor  Zn  terminated  GaAs  1001}  surfaces 
canbe  recrystallized  above  ~200°C.  Subsequent  molecular  beam  epitaxy  of  CdTe 
proceeds  in  a  two-dimensional  mode  and  leads  to  layers  which  are  specular  and 
single  domain  (001).  Threading  dislocation  density  in  these  layers  was  1-2  x  106 
cm-2.  Values  of  full  width  at  half  maximum  for  x-ray  rocking  curves  were  as  low 
as  80  arc-s. 

Key  words:  CdTe/GaAs,  growth  modes,  molecular  beam  epitaxy  (MBE) 


INTRODUCTION 

CdTe  epitaxial  layers  on  GaAs  and  Si  have  po¬ 
tential  use  as  large  area  composite  substrates  for  Hg 
based  infrared  focal  plane  arrays.  Both  (111)  and 
{001}  oriented  epitaxial  layers  of  CdTe  on  {001}  GaAs 
have  been  reported.1-7  The  orientation  has  been  shown 
to  be  determined  by  the  preparation  of  the  GaAs 
wafer  surface  in  the  growth  chamber. 

{111}  CdTe  layers  have  been  obtained  when  growth 
occurs  on  atomically  clean  (free  of  native  oxide)  GaAs 
surfaces.2-5  Under  the  {111}  CdTe  growth  condition, 
the  (001)  GaAs  surfaces  are  As-deficient,  and  the 
initial  coverage  of  Te  on  the  GaAs  surface  is  less  than 


‘Present  address:  Army  Research  Laboratory,  Fort 
Belvoir,  VA  22060. 

(Received  November  15,  1994;  revised  March  10,  1995) 


0.8  monolayer  (ML).  <111>  CdTe  nucleation  usually 
proceeds  in  a  two-dimensional  growth  (2-D)  mode. 
Compared  to  {001}  layers,  {111}  layers  usually  have  a 
lower  density  of  threading  dislocations,  higher  den¬ 
sity  of  twins  and  point  defects,  and  contain  a  mixture 
of  {001}  and  {111}  domains. 

{001}  CdTe  layers  have  been  obtained  when  ZnTe, 
Te,  or  residual  oxides  are  present  at  the  interface.8-10 
Surfaces  with  Te  coverage  greater  than  1  ML  lead  to 
{001}  growth.23  However,  <001>  CdTe  growth  ordi¬ 
narily  proceeds  by  island  nucleation  and  subsequent 
coalescence  into  uniform  layers  (3-D  growth).  {001} 
oriented  CdTe  layers  are  twin  free,  but  have  a  high 
density  of  threading  dislocations.  Layers  are  typically 
nonspecular,  with  large  number  of  hillocks,  and  con¬ 
tain  a  mixture  of  {001}  and  {111}  domains.  Single 
domain  {001}  CdTe  has  been  grown  on  {001}  GaAs 
only  when  ZnTe  was  used  as  an  interfacial  layer. 
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Fig.  1 .  in-situ  AES  during  Cd  pre-treatment  process:  (a)  from  a 
therm  ally  clean  {001 }  GaAs  surface;  (b)  after  the  Cd  treatment  at  80°C; 
(c)  peak-to-peak  (P/P)  magnitude  of  Ga  (55  eV)  and  Cd  (376  eV)  Auger 
peaks  vs  surface  coverage  during  the  Tscool  down  period  under  Cd 
flux.  Cd  surface  coverage  estimated  to  be  nearly  a  monolayer.  The  Cd 
and  Ga  P/P  intensities  remain  unchanged  when  substrate  is  subjected 
to  Cd  flux  at  80°C  for  more  than  30  min  or  when  Ts  is  lowered  several 
degrees  below  80°C. 


If  CdTe  layers  are  to  be  used  for  subsequent  growth 
of  HgCdTe,  the  {001}  orientation  is  preferable  be¬ 
cause  HgCdTe  layers  grown  on  {111}  CdTe  suffer  from 
a  high  density  of  lamellar  twins.11’12  Moreover,  better 


control  over  dopant  incorporation  in  the  HgCdTe 
overgrowth  can  be  achieved  for  {001}  layers.13  Al¬ 
though  {112}  orientation  is  another  important  surface 
that  has  been  used  successfully  to  grow  twin  free 
HgCdTe  and  controlled  chemical  doping,  however, 
this  paper  primarily  deals  with  CdTe  epitaxy  in  the 
{001}  orientation. 

Growth  of  high  quality  {001}  CdTe  on  {001}  GaAs 
requires  that  the  threading  dislocation  density  be 
reduced.  For  other  heteroepitaxial  systems,  such  as 
ZnSe/GaAs,  it  has  been  reported  that  threading  dislo¬ 
cation  density  can  be  reduced  by  initiating  a  2-D 
growth  mode.14  No  2-D  nucleation  of  {001}  oriented 
CdTe  layers  on  {001}  GaAs  substrates  has  been  re¬ 
ported. 

All  of  the  previously  reported  growth  results  of 
CdTe  on  GaAs  (including  the  case  of  interfacial  ZnTe) 
indicate  that  growth  initiates  from  an  initial  atomic 
layer  of  Te  at  the  substrate-layer  interface  which 
encourages  Ga-Te  bonds.  Growth  of  CdTe  by  nucle¬ 
ation  on  surfaces  with  high  Cd  or  Zn  coverage  has  not 
previously  been  reported.  Ekawa  et  al.6  and  Mar  et 
al.7  showed  that  only  small  concentrations  of  Cd  can 
be  adsorbed  on  atomically  clean  (H2  annealed)  GaAs 
surfaces  and  that  these  were  always  accompanied  by 
Te,  most  likely  adsorbed  from  the  vacuum  back¬ 
ground.  In  this  paper,  we  describe  a  technique  for 
achieving  2-D  nucleation,  and  growth  of  {001}  CdTe 
on  Cd  or  Zn  terminated  {001}  GaAs  surfaces. 

EXPERIMENTAL 

{001}  GaAs  substrates  were  etched  in 
H2304:H202:H20  (5:1:1)  solutions,  mounted  with  in¬ 
dium  on  molybdenum  blocks  and  introduced  into  a 
commercial  MBE  system.  Temperatures  were  mea¬ 
sured  to  within  a  few  degree  accuracy,  by  a  thermo¬ 
couple  in  contact  with  the  molybdenum  block.  Con¬ 
ventional  Cd,  Te,  CdTe,  Zn,  Ga,  and  As  effusion  cells 
were  used  for  GaAs  surface  treatment  and  CdTe 
growth.  Surface  preparation,  nucleation,  and  growth 
were  monitored  by  10  KV  reflection  high  energy 
electron  diffraction  (RHEED).  Surface  composition 
was  monitored  in  situ  by  Auger  electron  spectroscopy 
(AES).  Several  CdTe  layers  with  thicknesses  in  the 
range  of  3  to  6  pm  were  grown.  Optical  microscopy,  x- 
ray  diffraction  spectra  in  the  6-20  mode,  and  double 
crystal  x-ray  rocking  curve  (DCRC)  measurements 
were  used  to  assess  layer  morphology,  number  of 
domains,  and  crystallinity,  respectively.  Density  of 
threading  dislocations  was  estimated  by  the  average 
density  of  the  etch  pits  (EPD)  formed  on  the  CdTe 
layer  surfaces  using  a  solution15  with  controlled  Ag+ 
ions.  Optical  properties  were  qualitatively  evaluated 
by  photoluminescence  (PL)  measurements  at  8K. 

In  Situ  Surface  Preparation 

In  the  present  work,  we  have  sought  to  avoid  the 
formation  of  Ga-Te  bonds.  Thin  GaAs  layers  were  first 
grown  at  580°C  on  {001}  GaAs  substrates.  Substrates 
were  then  cooled  below  450°C  under  an  incident 
arsenic  flux  to  physically  adsorb  an  excess  monolayer 
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of  arsenic.  This  was  indicated  by  a  change  in  the 
RHEED  pattern  from  (2  x  4)  to  c(4  x  4)  reconstruction 
and  by  the  enhancement  of  the  low  energy  arsenic 
Auger  peak  (31  eV).  If  the  substrate  temperature  (Ts) 
is  lowered  to  80°C  under  a  Cd  flux  with  beam  equiva¬ 
lent  pressure  (BEP)  of  1  x  KH  Torr,  the  RHEED 
pattern  changes  from  the  c(4  x  4)  As-rich  reconstruc¬ 
tion  to  the  (lxl)  Cd-rich  reconstruction.  Thus,  we 
find  that  at  low  Ts,  monolayer  coverage  of  cadmium 
can  be  achieved  on  As-rich  c(4  x  4)  {001}  GaAs  sur¬ 
faces. 

To  minimize  adsorption  of  Te  on  the  substrate 
surface,  Te  and  CdTe  cells  were  kept  at  low  tem¬ 
peratures  prior  to  and  during  the  Cd  adsorption 
process.  An  Auger  spectrum  from  the  surface  of  a 
thermally  cleaned  {001}  GaAs  is  shown  in  Fig.  la.  The 
Auger  spectrum  from  the  same  surface  after  treating 
with  arsenic  to  form  the  c(4  x  4)  As-rich  surface 
followed  by  cooling  under  Cd  from  190  to  80°C  is 
shown  in  Fig.  lb.  Te  was  not  detected  from  these  Cd 
terminated  surfaces.  Cd  (376  eV)  Auger  peak-to-peak 
intensity  (coverage)  increased  as  Ts  was  reduced  from 
190  to  80°C.  The  monolayer  Cd  coverage  was  esti¬ 
mated  by  monitoring  the  attenuation  of  the  low  en¬ 
ergy  Ga  (55  eV)  Auger  peak-to-peak  (P/P)  intensity  as 
shown  in  Fig.  lc.  As  evidenced  from  the  data  plotted 
in  Fig.  lc,  the  magnitude  of  the  Ga  P/P  intensity 
decrease  with  increasing  coverage  of  Cd  is  commen¬ 
surate  with  monolayer  coverage.  The  Cd  surface  cov¬ 
erage  approaches  a  complete  monolayer  at  or  near  Ts 
=  80°C.  Upon  reaching  a  monolayer,  the  Cd  adsorp¬ 
tion  becomes  self-limiting  and  both  the  Cd  and  Ga  P / 
P  intensities  remain  nearly  constant. 

Zn  terminated  GaAs  surfaces  were  prepared  in  a 
similar  way  by  cooling  an  As-stabilized  (2  x  4)  or 
(4  x  4)  (001}  surface  from  340  to  ~200°C  under  an 
incident  Zn  flux  (BEP  =  7-9  x  10-  Torr).  The  Zn-rich 
surface  caused  a  (1  x  4)  surface  reconstruction.  In  the 
range  of  Ts  between  ~200°  C  and  80°  C,  it  was  neces¬ 
sary  to  shut  off  the  Zn  flux  because  of  the  apparent 
degradation  of  the  surface.  In  this  temperature  range, 
the  Zn  terminated  surfaces  were  cooled  in  Cd  flux. 
Near  80°C,  this  surface  also  showed  a  (1  x  1)  RHEED 
reconstruction. 

On  clean  GaAs  surfaces,  Te  can  readily  adsorb  from 
the  ambient.7  By  simply  cooling  an  atomically  clean 
GaAs  surface  from  580  to  300°C  a  Te-poor  (6  x  1) 
reconstructed  GaAs  surface  can  be  formed.5'16  A  Te- 
rich  (2  x  1)  surface  can  be  formed  on  an  As-rich  GaAs 
surface  as  described  previously  in  the  reference.16 

MBE  Growth 

Molecular  beam  epitaxial  growth  of  CdTe  was  car¬ 
ried  out  on  Cd  and  Zn  terminated  {001}  surfaces.  In 
an  attempt  to  minimize  Cd  or  Zn  desorption  from  the 
surface  during  the  CdTe  growth  at  310°C,  an  initial 
deposition  of  ~4  ML  of  CdTe  (cap  layer)  was  per¬ 
formed  at  Ts  =  80°C  with  a  CdTe  flux  of  9  x  ICC7  Torr. 
A  diffused  RHEED  indicated  that  the  CdTe  cap  layer 
was  amorphous.  The  cap  layer  thickness  was  esti¬ 
mated  by  the  deposition  time  and  by  the  attenuation 


of  the  Ga  (55eV)  Auger  peak  intensity.  Ts  was  then 
raised  to  310°C  under  the  incident  Cd  flux.  Above 
200°C,  the  diffuse  RHEED  faded,  a  (2  x  1)  recon¬ 
structed  pattern  appeared,  and  at  310°C  a  sharp 
(2  x  1)  pattern  was  clearly  visible,  indicating  crystal¬ 
lization  of  the  amorphous  cap  layer.  The  layer  was 
then  annealed  under  incident  Cd  flux  for  several 


d 


Fig.  2.  Reflection  high  energy  electron  diffraction  reconstructed  pat¬ 
terns,  in  the  <11 0>  azimuth,  during  various  steps  described  in  the 
section  entitled  experimental:  (a)  Cd  terminated  (001 }  GaAs  surface  at 
80°C,  (b)  recrystallized  {001}  CdTe  on  {001}  GaAs  at310°C,  (c)  at  the 
instant  of  CdTe  deposition,  and  (d)  after  one  minute  of  CdTe  growth. 


Fig.  3.  Reflection  high  energy  electron  diffraction  reconstructed  pat¬ 
terns,  in  the  <1 1 0>  azimuth,  during  the  conventional  method  of  growth: 
(a)  at  the  instant  of  deposition,  (b)  after  5,  (c)  after  1 0,  and  (d)  after  30 
min  of  {001}  CdTe  growth. 
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Table  I.  Effect  of  Surface  Chemistry  and  Capping  Temperatures  on  CdTe  Growth  on  (001)  GaAs 


Cap  Layer  Growth 

Starting  Surface  Cap  Layer  T  (°C)  Crystallinity  Mode  at  310°C  Morphology  Crystal  Domain 


As(2  x  4)  Te(6  x  1) 

— 

— 

As(2  x  4)  — >  Te(2  x  1) 

— 

_ 

As(2  x  4)  — >  Te(2  x  1) 

80-150 

Poly 

As(4  x  4)  ->  Cd(l  x  1) 

80 

Amorphous 

As(4  x  4)  -»  Cd(l  x  1) 

80-90 

Crystalline 

As(4  x4)->  Cd(l  x  1) 

90-150 

Crystalline 

As(4  x  4)  Zn(l  x  4) 

80 

Amorphous 

As(4  x  4)  — ^  Zn(l  x  4) 

>80 

Crystalline 

Fig.  4.  X-ray  6-28  diffractometer  scan  from  a  3  jum  {001}  CdTe  grown 
by  MBE  on  a  Cd  terminated  GaAs  {001 }  surface.  The  (400)  reflection 
of  the  Cu  Ka1  and  Ka2  doublet  is  well  resolved.  The  complete  scan 
from  10  to  90°  is  shown  in  the  inset  indicating  single  domain  {001} 
CdTe. 

minutes  and  CdTe  epitaxy  was  initiated. 

For  comparison  with  this  new  procedure,  CdTe 
layers  were  also  grown  by  the  conventional  procedure 
on  both,  the  (2  x  1)  and  (6  x  1)  Te  terminated  recon¬ 
structed  surfaces.  Conventional  method  was  also  used 
to  grow  {001}  CdTe  on  {001}  GaAs  with  an  interfacial 
ZnTe  layer. 

RESULTS 

Growth  Modes 

Figures  2  and  3  depict  the  RHEEB  patterns  during 
the  various  steps  of  {001}  CdTe  growth  on  Cd  termi¬ 
nated  and  Te  terminated  {001}  GaAs  surfaces,  respec¬ 
tively.  It  is  shown  in  Figs.  2a-2d  that  using  the 
growth  schedule  described  in  the  section  on  MBE 
growth,  two-dimensional  <00 1>  CdTe  growth  can  be 
promoted  on  Cd  or  Zn  terminated  {001}  GaAs  sur¬ 
faces.  The  absence  of  transmission  spot  features  in 
the  RHEEB  patterns  showed  the  CdTe  layer  to  be 
substantially  two  dimensional  as  shown  in  Fig.  2b. 

Reflection  high  energy  electron  diffraction  patterns 
taken  during  {001}  CdTe  growth  using  the  conven¬ 
tional  method  on  (2  x  1)  Te  terminated  reconstructed 
surfaces  and  on  thin  ZnTe  interfacial  layers  (ZnTe 
terminated  surfaces)  indicated  3-B  growth  mode  as 


2D -(111) 

Specular 

Mixed 

3D -(001) 

Rough 

Mixed 

Poly 

Very  rough 

— 

2D-(001) 

Specular 

Single 

3D-(001) 

Pyramidal 

Mixed 

3D-(111) 

Milky,  Rough 

Mixed 

2D-(001) 

Specular 

Single 

3D-(001) 

Elongated  Pyramidal 

Single 

shown  in  Fig.  3a-3b.  Conventional  MBE  growth  of 
CdTe  on  the  (6  x  1)  Te  terminated  surfaces  always  led 
to  {111}  growth  via  a  2-D  mode.  Growth  on  Te  termi¬ 
nated  surfaces  using  the  low  temperature  process 
always  resulted  in  poor  quality  layers.  In  most  cases, 
when  thin  cap  layers  were  deposited  in  the  tem¬ 
perature  range  of  80  to  150°C  on  the  Te  terminated 
surfaces,  the  cap  layer  was  found  (by  RHEEB)  to  be 
polycrystalline.  Crystalline  growth  at  310°C  for  the 
subsequent  CdTe  layer  was  possible  if  the  cap  layers 
were  annealed  above  350°C;  however,  this  procedure 
always  led  to  <11 1>  growth. 

CdTe  Layer  Characteristics 

The  crystal  orientation,  morphology,  and  defect 
density  of  {001}  CdTe  layers  were  found  to  depend  on 
the  composition  of  the  initial  atomic  layer  and  the  cap 
layer  deposition  temperature.  Table  I  presents  a 
summary  of  the  CdTe  characteristics  for  various  ini¬ 
tial  surface  conditions  and  capping  temperatures. 

Our  results  of  CdTe  growth  orientation  on  Te  termi¬ 
nated  surfaces  were  similar  to  those  detailed  in  refer¬ 
ences.2-6  Models  describing  {111}  growth  on  Te-poor 
surfaces  can  be  found  in  references.17’18  CdTe  growth 
on  Te-terminated  (6  x  1)  surfaces  proceeded  in  a  two- 
dimensional  mode  and  resulted  in  layers  which  were 
predominantly  {111}.  X-ray  0-20  scans  from  these 
layers  showed  them  to  be  composed  of  mixed  (lll)B 
and  (001)  domains.  On  (2  x  1)  reconstructed  Te- 
stabilized  surfaces,  island  nucleation  dominated  as 
shown  in  Figs.  3a-3d,  leading  to  {001}  CdTe  growth. 
{001}  growth  on  Te-rich  surfaces  occurs  by  the  nucle¬ 
ation  of  twin  tetrahedral  unit  cells  as  described  in 
references.17’18  These  layers  also  contained  {111}  do¬ 
mains.  Etch  pit  density  in  the  range  of  1  to  5  x  107  cm-2 
were  found  in  these  {001}  oriented  CdTe  layers,  and 
BCRC-FWHM  values  were  in  the  range  of  400-600 
arc-s.  CdTe  conventional  growth  on  Te  terminated 
surfaces  using  a  thin  interfacial  ZnTe  layer  usually 
produced  better  layers  that  were  single  domain  but 
had  elongated  pyramidal  surface  morphology.  Growth 
using  interfacial  layers  of  ZnTe  proceeded  in  a  3-B 
mode,  and  the  observed  RHEEB  patterns  were  simi¬ 
lar  to  those  shown  in  Fig.  3.  Etch  pit  density  in  these 
layers  were  in  the  range  of  1  to  5  x  106  cm  2,  and  BCRC- 
FWHM  values  were  in  the  range  of  180-350  arc-s. 

Molecular  beam  epitaxial  growth  on  Cd  or  Zn  termi- 
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nated  GaAs  surfaces  produced  specular,  single  crys¬ 
tal  1001}  CdTe  layers  with  lower  dislocation  density. 
X-ray  0-20  scan  from  several  of  these  samples  indi¬ 
cated  single  domain  {001}  growth.  A  0-20  x-ray  dif¬ 
fracted  intensity  curve  measured  from  CdTe  layer 
grown  on  a  Cd  terminated  surface  is  shown  in  Fig.  4. 
The  (400)  reflections  of  the  Cu  Kax  and  Ka2  lines  are 
well  resolved.  A  complete  scan  indicating  single 
domain  is  shown  in  the  inset  of  Fig.  4.  (FWHM)  of 
(400)  diffraction  peaks,  measured  using  a  DCRC 
apparatus  were  in  the  range  of  80  to  150  arc-s.  Etch  pit 
density  values  were  in  the  range  of  1—2  x  106  cnr2. 

Low  temperature  PL  measurements  were  made  on 
{001}  CdTe  layers  grown  on  Cd,  Zn,  Te,  and  ZnTe 
terminated  {001}  GaAs  substrates.  For  all  layers, 
transitional  energies  of  PL  spectral  features,  except 
for  those  due  to  free  excitons,  were  similar.  The  free 
excitonic  peak  at  1.596  eV  and  its  excited  state  at 
1.602  eV19  were  not  present  in  CdTe  layers  grown  on 
substrates  other  than  Cd  or  Zn  terminated  surfaces. 
The  overall  integrated  PL  intensity  from  the  Cd  and 
Zn  terminated  samples  were  one  or  two  orders  of 
magnitude  higher  than  from  those  of  the  Te  or  ZnTe 
terminated  samples.  A  representative  PL  spectrum 
measured  from  a  CdTe  layer  grown  on  the  Cd  termi¬ 
nated  surface  is  presented  in  Fig.  5.  Details  of  the 
origin  of  various  spectral  features  shown  in  this  figure 
can  be  found  in  references.19-21  The  existence  of  the 
free  excitonic  peak  at  1.596  eV  and  the  improved 
luminescence  intensity  suggest  that  the  layers  grown 
on  Cd  and  Zn  terminated  surfaces  had  lower  density 
of  nonradiative  centers  and  were  of  better  quality. 

DISCUSSIONS 

At  elevated  temperatures,  strain  energy  associated 
with  lattice-mismatched  layers  is  often  minimized  by 
growth  in  the  Stransky-Krastanow  mode.22  This  in¬ 
volves  surface  migration  of  ad  atoms  until  a  super¬ 
saturated  surface  concentration  is  achieved.  At  this 
point,  ad  atoms  and  molecules  unite  to  form  three- 
dimensional  islands.  This  is  the  case  for  conventional 
{001}  MBE  CdTe  growth  on  Te  terminated  surfaces. 
As  these  islands  grow,  and  eventually  coalesce  to  form 
complete  layer  coverage,  two  things  can  be  expected. 
First,  the  coalescence  of  these  islands  result  in  layers 
with  rough  surfaces.  Secondly,  island  boundaries 
lead  to  threading  dislocations.  If  the  free  energy 
difference  between  two  crystal  orientations  of  the 
epitaxial  layer  with  respect  to  the  substrate  is  small, 
then  islands  with  different  orientations  can  nucleate 
simultaneously  on  adjacent  regions  of  the  substrate 
resulting  in  mixed  domain  layers.  This  is  exactly  the 
situation  that  exists  when  {001}  GaAs  surfaces  are 
prepared  conventionally  where  they  are  always  As- 
deficient.  CdTe  nucleation  on  these  surfaces  occurs 
with  the  formation  of  Ga-Te  bonds  that  may  be  either 
in  the  <11 1>  or  <00 1>  directions.6-17  Even  in  the  case 
of  growth  on  As-stabilized  (2  x  8)  or  (2  x  4)  GaAs 
surfaces,  where  CdTe  growth  is  predominantly  in  the 
<00 1>  direction, 10-18  islands  with  {111}  orientation  can 
nucleate. 


The  approach  used  here  is  to  reduce  the  tempera¬ 
ture  to  the  point  where  kT  is  not  sufficient  to  overcome 
the  activation  energy  for  crystalline  compound  forma¬ 
tion.  Thus,  atomic  and  molecular  beams  condense  as 
amorphous  layers.  Such  deposits  are  conformal,  uni¬ 
form  in  thickness,  and  devoid  of  crystallographic 
boundaries.  If  these  amorphous  deposits  are  suffi¬ 
ciently  thin,  they  can  be  recrystallized  in  the  solid 
state  by  raising  the  temperature.  In  the  present  case, 
~4  MLs  of  amorphous  CdTe  were  deposited  at  ~80°C 
on  Cd  or  Zn  terminated  As-rich  GaAs  {001}  surfaces. 
The  amorphous  deposit  was  recrystallized  into  a  thin 
CdTe  layer.  The  orientation  of  the  crystalline  layer 
thus  formed  conforms  to  that  of  the  underlying  lat¬ 
tice.  CdTe  growth  on  this  thin  layer  at  the  recrystal¬ 
lization  temperature  (310°C)  results  in  the  conven¬ 
tional  two-dimensional  step  flow  epitaxy.  In  this 
manner,  single  domain,  single  crystal,  specular  lay¬ 
ers  of  CdTe  with  the  same  crystallographic  orienta¬ 
tion  as  the  underlying  GaAs  substrate  are  obtained, 
vis.  {001}/{001}.  Furthermore,  the  defect  density  is 
low  compared  to  layers  grown  according  to  conven¬ 
tional  nucleation  and  growth  procedures.  During  the 
process  of  recrystallization,  dislocations  are  immedi¬ 
ately  formed  to  relax  the  associated  strain.  However, 
most  of  them  extend  in  the  plane  of  the  interface  as 
misfit  dislocations  and  do  not  thread  up  through  the 
growing  layer. 

This  procedure  works  well  on  {001}  GaAs  surfaces, 
if  formation  of  Ga-Te  bonds  are  inhibited  as  these 
bonds  predominantly  lead  to  growth  in  the  <11 1> 


Energy  (eV) 

Fig.  5.  Low  temperature  (8K)  PL  spectrum  from  {001}  CdTe  grown  on 
Cd  terminated  {001}  GaAs  substrate.  The  photon  energies  (eV) 
emitted  by  electronic  transitions  are:  1 .602  (n  =  2,  free  excitonic  (FE) 
state),  1.598  (upper  polariton  branch  of  the  FE),  1.596  (FE),  1.593 
(donor-bound  exciton),  1.591  (acceptor-bound  exciton),  1.558  (free- 
to-bound  (e-A°)),  1 .550  (donor  acceptor  pair  (DAP)),  1 .537  (e-A°-LO 
phonon),  1.529  (DAP-LO  phonon),  and  1.474  (defect  related  com¬ 
plexes). 
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direction.  Fortunately  ~1  monolayer  coverage  of  ei¬ 
ther  Cd  or  Zn  on  As-rich  surfaces  suppresses  the 
formation  of  Ga-Te  bonds  and  promotes  growth  in  the 
desired  {001}  orientation.  It  is  not  clear  whether  the 
Cd  or  Zn  interfacial  layer  has  any  influence  on  the 
growth  mode,  however.  This  interfacial  chemistry 
ensures  that  the  ultra  thin  crystallized  CdTe  ‘tem¬ 
plate’  is  in  the  (001)  orientation.  Since  this  ‘template’ 
is  most  likely  relaxed  and  two  dimensional,  the  sub¬ 
sequent  CdTe  growth  proceeds  in  a  2D  growth  mode. 

CONCLUSIONS 

{001}  CdTe  epitaxy  was  achieved  on  thin  (~12A) 
recrystallized  CdTe  layers  deposited  on  Cd  or  Zn 
terminated  {001}  GaAs.  Growth  proceeded  in  a  2-D 
mode  and  layers  so  produced  were  specular  and  single 
domain.  {001}  CdTe  epitaxy  was  also  achieved  on  Te- 
rich  orZnTe  terminated  {001}  GaAs  using  the  conven¬ 
tional  MBE  procedure.  The  conventional  growth  al¬ 
ways  led  to  3-D  growth  mode  and  layers  had  defect 
densities  at  least  an  order  of  magnitude  higher  than 
layers  grown  in  a  2-D  mode.  Predominately  {111} 
CdTe  epitaxy  with  multiple  domains  was  produced  on 
Te  terminated  {001}  GaAs  surfaces. 
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Layer  in  an  Organometallic  Vapor  Phase  Epitaxial  System 
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Epitaxial  CdTe  layers  were  grown  using  organometallic  vapor  phase  epitaxy  on 
Si  substrates  with  a  Ge  buffer  layer.  Ge  layer  was  grown  in  the  same  reactor 
using  germane  gas  and  the  reaction  of  germane  gas  with  the  native  Si  surface  is 
studied  in  detail  at  low  temperature.  It  is  shown  that  germane  gas  can  be  used 
to  “clean”  the  Si  surface  oxide  prior  to  CdTe  growth  by  first  reducing  the  thin 
native  oxide  that  may  be  present  on  Si.  When  Ge  layer  was  grown  on  Si  using 
germane  gas,  an  induction  period  was  observed  before  the  continuous  layer  of  Ge 
growth  starts.  This  induction  period  is  a  function  of  the  thickness  of  the  native 
oxide  present  on  Si  and  possible  reasons  for  this  behavior  are  outlined.  Second¬ 
ary  ion  mass  spectrometry  (SIMS)  data  show  negligible  outdiffusion  and  cross 
contamination  of  Ge  in  CdTe. 

Key  words:  CdTe,  organometallic  vapor  phase  epitaxy  (OMVPE),  Ge 
interfacial  layer 


INTRODUCTION 

The  heteroepitaxial  growth  of  CdTe  on  Si  has  at¬ 
tracted  increased  attention  recently  since  the  result¬ 
ing  layer  can  be  used  as  substrates  for  subsequent 
HgCdTe  growth.  Growth  of  high  quality  CdTe  di¬ 
rectly  on  Si  has  already  been  demonstrated  by  mo¬ 
lecular  beam  epitaxy  (MBE). 12  However,  direct  growth 
of  CdTe  on  Si  is  difficult  by  organometallic  vapor 
phase  epitaxy  (OMVPE)  because  it  is  difficult  to 
maintain  “clean”  Si  surface  in  an  OMVPE  system.  We 
had  reported  earlier  that  high  quality,  single  crystal 
CdTe  can  be  grown  on  Si  substrates  in  an  atmospheric 
pressure  OMVPE  reactor  if  a  thin  layer  of  Ge  is  first 
grown  on  Si  prior  to  CdTe  growth.3  If  the  Ge  layer  is 
not  present,  we  would  get  only  polycrystalline  CdTe 
layers.  We  speculated  that  the  Ge  layer  “protects”  the 
Si  surface  from  the  residual  contaminants  such  as 
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H20  and  02  present  in  the  reactor.  We  also  found  that 
the  conditions  used  for  the  Ge  interfacial  layer  growth 
is  critical  for  obtaining  high  quality  CdTe  layers.  For 
example,  deposition  of  Ge  using  germane  at  low 
temperature  is  necessary  to  grow  high  quality  CdTe 
layers.  It  is  believed  that  this  step  reduces  the  Si 
native  oxide  (SixO)  to  Si3-5  and  coats  it  with  Ge. 

In  order  to  understand  the  reaction  mechanism,  we 
have  carried  out  a  more  detailed  study  of  this  “in-situ 
cleaning  step”  at  low  temperature  (<500°C).  Since  Ge 
and  CdTe  were  grown  in  the  same  reactor,  secondary 
ion  mass  spectrometry  (SIMS)  was  carried  out  to 
measure  the  depth  profile  of  Ge  in  CdTe.  Finally, 
photoluminescence  spectra  at  10K  of  a  5  pm  thick 
CdTe  grown  on  Si  was  carried  out  to  determine  its 
optical  quality. 

EXPERIMENTAL  DETAILS 

The  growth  of  Ge  and  CdTe  were  carried  out  in  a  2 
inch  diameter  horizontal  reactor  operated  at  atmo- 
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Time  (  min  ) 

Fig.  1 .  The  thickness  of  Ge  layer  grown  on  Si  as  a  function  of  time  at 
450°C.  The  substrate  was  treated  in  HCI:H202:H20  solution  at  80°C  for 
different  times  prior  to  growth. 
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Fig.  2.  The  thickness  of  the  native  oxide  layer  on  Si  as  a  function  of  time 
treated  in  HCI:H202:H20  solution  at  80°C.  A  represents  the  native 
oxide  thickness;  o  represents  the  induction  time,  td  of  growth. 

spheric  pressure.  The  detailed  conditions  for  the 
growth  of  CdTe  was  reported  elsewhere.3  The  precur¬ 
sor  used  for  Ge  growth  was  germane  gas  (GeH4), 
diluted  in  hydrogen  (0.5%  germane  in  H2).  To  investi¬ 
gate  the  role  of  GeH,  in  Si  surface  cleaning,  a  system¬ 
atic  growth  study  was  carried  out.  The  growth  tem¬ 
perature  ranged  from  350  to  480°C. 

Three  kinds  of  surface  treatments  were  used  for 
this  study: 

0  A  final  treatment  in  dilute  HF  solution. 

•  AfinaltreatmentinHGL:H202:H20  solution  with 
a  volume  ratio  1:1:4  at  80°C.  This  step  will  grow 
a  thin  layer  of  native  oxide. 

•  900A  thick  Si02  grown  on  Si. 
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Fig.  3.  Ge  layer  thickness  on  Si02  covered  Si  as  a  function  of  time.  A 
represents  a  final  dip  in  HF  solution;  o  represents  only  solvent  clean 
without  H  F  final  dip.  Ge  growth  is  observed  if  only  solvent  clean  of  Si02 
is  carried  out  prior  to  growth. 


The  thickness  of  the  Ge  layer  was  measured  by  the 
alpha-step  profiler. 

RESULTS  AND  DISCUSSIONS 

If  the  Si  substrate  is  covered  with  any  residual 
native  oxide  (SixO),  a  “delay  period”  was  seen  before 
any  continuous  film  growth  is  observed.  For  example, 
Ge  growth  starts  almost  immediately  if  the  Si  sub¬ 
strate  is  finally  treated  in  dilute  HF  solution  that 
removes  any  residual  native  oxide  and  passivates  the 
surface  by  hydrogen  termination.  However,  it  takes 
about  10  min  at  450°C  before  Ge  growth  starts  if 
native  Si  oxide  (SixO)  is  intentionally  grown  using 
HCL:H202:H20  solution.  The  delay  time  we  observed 
was  thought  to  be  caused  by  the  time  required  to 
reduce  SixO  by  adsorbed  germane  molecules.  We 
speculate  that  Ge  growth  starts  when  all  the  SixO  is 
desorbed.  A  similar  delay  period  (more  than  20  min) 
was  observed  on  silane  pyrolysis  on  Si  at  830°C.6  This 
period  was  attributed  to  the  difficulty  of  nucleation  on 
Si02  remaining  on  the  surface.  It  was  proposed  that  Si 
from  silane  reacts  with  Si02  to  form  volatile  SiO 
which  desorbs. 

To  investigate  whether  the  induction  period  is 
related  to  the  oxide  thickness,  we  prepared  samples 
by  treating  them  in  HC1:H202:H20  solution  for  vari¬ 
ous  times.  The  thickness  of  the  Ge  layer  grown  at 
450°C  as  a  function  of  the  growth  time  is  shown  in  Fig. 
1.  The  induction  period  depends  on  the  length  of  times 
these  samples  underwent  treatment  in  HC1:H202:H20 
solution.  For  example,  for  samples  treated  for  30  min 
in  HC1:H202:H20  solution,  the  induction  period  was 
14  min,  whereas  for  samples  treated  for  3  min,  the 
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induction  period  was  only  7  min.  The  thickness  of  the 
grown  native  oxide  on  Si  is  independently  estimated 
using  spectroscopic  ellipsometry.  The  native  oxide 
thickness  as  a  function  of  the  treatment  time  in 
HC1:H202:H20  solution  is  shown  in  Fig.  2.  The  ob¬ 
served  induction  periods  for  different  native  oxide 
thicknesses  are  also  shown  in  Fig.  2  for  comparison. 
The  induction  time  increased  monotonically  with  the 
native  oxide  thickness.  It  appears  that  the  induction 
period  is  related  to  the  time  required  for  the  reduction 
of  native  oxide  by  germane  gas. 

Another  possible  mechanism  for  the  presence  of 
delay  period  before  continuous  Ge  growth  starts  is  the 
time  required  for  surface  nucleation.7  If  this  is  the 
case,  then  the  induction  time  should  not  depend  on 
the  thickness  of  the  native  oxide.  However,  in  our 
results,  this  induction  time  is  a  function  of  the  native 
oxide  thickness.  Additionally,  we  carried  out  Ge  growth 
on  Si  coated  with  900A  thick  thermal  oxide.  The 
thickness  of  the  Ge  layer  as  a  function  of  growth  time 
is  shown  in  Fig.  3.  No  continuous  Ge  film  is  observed 
on  Si02  even  though  the  growth  time  is  as  long  as  one 
hour,  provided  the  SiO/Si  is  freshly  dipped  in  dilute 
HF  solution  prior  to  growth.  From  these  experiments, 
it  is  clear  that  Ge  will  not  nucleate  easily  on  oxide- 
covered  Si  substrates  at  low  temperature.  Therefore, 
it  appears  that  the  induction  time  of  Ge  growth  is 
related  to  the  removal  of  the  native  oxide  on  the  Si 
surface. 

In  order  to  understand  the  mechanism  of  oxide 
removal  by  germane,  the  Ge  growth  experiments 
were  repeated  at  various  temperatures  in  the  range 
350  to  480°C.  In  these  experiments,  the  native  oxide 
was  intentionally  grown  on  the  Si  substrate  by  treat¬ 
ing  in  HC1:H202:H20  solution  for  10  min.  The  thick¬ 
ness  of  the  native  oxide  is  estimated  to  be  around  10A. 
An  induction  time  was  observed  for  reach  growth 
temperature.  Since  the  oxide  thickness  was  kept 
constant,  the  inverse  of  induction  time  is  proportional 
to  the  etching  rate  of  the  oxide.  The  inverse  of  induc¬ 
tion  time  as  a  function  of  temperature  is  shown  in  Fig. 
4.  An  activation  energy  of  21  kcal/mol  is  observed  and 
can  be  related  to  the  removal  of  oxide  prior  to  Ge 
growth. 

It  was  reported  previously  by  several  workers  that 
both  Ge  and  GeH4  can  remove  the  Si  native  oxide.4-5 
However,  it  was  not  clear  which  species  dominate  this 
reaction.  For  example,  in  the  case  of  oxide  removal  by 
GeH4,  it  is  possible  that  GeH4  decomposes  first,  fol¬ 
lowed  by  the  reaction  of  Ge  and  the  oxide.  Another 
scenario  is  that  GeH4  can  react  directly  with  the 
native  oxide.  If  GeH4  can  decompose  first,  then  the 
energy  required  for  this  activated  process  should  be 
less  than  the  activation  energy  we  observed,  namely, 
21  kcal/mol.  In  order  to  understand  this  reaction,  the 
Ge  growth  rate  as  a  function  of  temperature  was 
studied.  The  growth  rate  was  calculated  from  the 
slope  of  thickness  vs  growth  time  curve.  The  result  is 
shown  in  Fig.  5.  Two  distinct  regimes  are  observed. 
The  growth  at  high  temperature  is  probably  diffusion 
limited.8  On  the  other  hand,  the  growth  at  low  tem¬ 


perature  is  probably  controlled  by  the  surface  reac¬ 
tion.  The  decomposition  of  GeH4  at  the  heated  surface 
(heterogeneous  decomposition)  may  dominate  the 
surface  reaction.4  8  Thus,  the  activation  energy  for  the 
decomposition  of  GeH4  is  38  kcal/mol.  This  value  is 
close  to  the  reported  values  by  other  workers.  T amaru 
et  al.9  reported  41.5  kcal/mol  for  the  decomposition  of 
GeH4  in  a  closed  system.  Recently,  Cunningham  et 

T(oC) 


1000/T  ( K-l ) 

Fig.  4.  The  induction  period  of  Ge  growth  as  a  function  of  temperature. 
The  Si  wafer  was  treated  in  HCI:H202:H20  solution  at  80°C  for  1 0  min 
prior  to  Ge  growth. 

T(oC) 

700  600  500  400  350 
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Fig.  5.  The  growth  rate  of  Ge  on  Si  as  a  function  of  temperature.  The 
Ge  partial  pressure  was  2.5  x  10-5  Torr. 
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Fig.  6.  A  schematic  picture  showing  Ge  growth  on  discontinuous  native 
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Fig.  7.  Secondary  ion  mass  spectroscopy  profile  of  1  um  thick  CdTe  on 
Ge/Si.  The  CdTe  was  grown  at  360°C. 


al.10  reported  33  kcakmol  for  the  decomposition  of 
GeH4  in  UHV-CVD  system  using  He  as  the  carrier 
gas. 

In  our  study,  the  activation  energy  of  the  reaction 
between  SiOx  and  GeH4  is  smaller  than  the  activation 
energy  of  GeH4  decomposition.  Thus,  it  can  be  con¬ 
cluded  that  the  mechanism  for  oxide  removal  is  the 
direct  reaction  between  GeH4  and  SiOx,  and  not  the 
one  between  Ge  and  SiOs.  However,  the  exact  reaction 
between  GeH4  and  SiOx  is  still  not  clear.  Takahashi  et 
al.5  have  observed  that  the  reduction  rate  of  SiOx  by 
GeH4  is  proportional  to  the  square  root  of  GeH4  gas 
pressure  in  a  closed  system.  This  relation  means  that 
two  oxygen  atoms  in  the  oxide  are  reduced  by  one 
molecule  of  GeH4  gas.  They  suggested  that  the  reac¬ 
tion  equation  could  be 

l/2GeH4  +  SixO(s)  -4  H20(g) 

+  1/2  Ge(s)  +  x  Si(i)  (1) 

and/or 

l/2GeH4(„(  +  SixO  -4  l/2HaO, 

+  1/2C,  +  GeO(gJ  +  x  Si(s)  °  (2) 

In  reaction  (1),  the  Ge  layer  may  form  before  the 


Wavelength  {  A  ) 

Fig.  8.  The  photoluminescence  spectra  at  1 0K  of  a  5  pm  thick  CdTe 
grown  on  Si  with  ZnTe/Ge  buffer  layer.  The  ZnTe  layer  was  grown  to 
obtain  (100)  oriented  CdTe. 

native  oxide  is  totally  removed.  Ge  can  continuously 
grow  on  this  Ge-covered  surface.  Thus,  the  induction 
time  corresponds  to  only  partial  removal  of  the  oxide. 
In  this  case,  the  induction  time  should  be  independent 
of  the  thickness  of  the  native  oxide,  which  is  opposite 
to  our  result.  Therefore,  the  GeH4  may  reduce  the  Si 
surface  oxide  by  forming  volatile  GeO.  Based  on  the 
available  data,  these  conclusions  are  speculative  at 
present. 

An  alternative  mechanism  may  exist,  which  will 
result  in  the  delay  period  we  have  seen.  Note  that  the 
thickness  of  the  SixO  layer  was  measured  using  spec¬ 
troscopic  ellipsometry.  Here,  we  assume  that  the  SixO 
is  uniformly  grown  on  Si  and  covers  the  whole  Si 
surface.  In  practice,  a  discontinuous  film  of  SixO  may 
grow  in  island  form,  but  spectroscopic  ellipsometry 
measurement  will  give  us  only  an  average  thickness. 
Therefore,  the  delay  period  we  observed  could  be  due 
to  the  time  required  for  the  lateral  growth  of  Ge  on  the 
discontinuous  SiOx  instead  of  the  time  required  for 
the  removal  of  SixO,  as  schematically  shown  in  Fig.  6. 
This  delay  period  is  directly  related  to  the  width  of  the 
Si  native  oxide  W,  which  can  be  a  direct  function  of  the 
treatment  time  in  HC1:H202:H2Q  solution.  CdTe  lay¬ 
ers  grown  on  Si  that  are  treated  in  HC1:H202:H20 
solution  as  a  final  step  were  polycrystalline.  This 
result  supports  the  above  lateral  growth  mechanism. 
We  cannot  conclusively  say  which  mechanism  is  the 
correct  one  atthis  moment.  Thus,  more  measurements, 
such  as  transmission  electron  microscopy  (TEM),  will 
be  needed  to  determine  which  mechanism  is  domi¬ 
nant  here. 

One  main  concern  when  both  Ge  and  CdTe  is  grown 
in  the  same  reactor  is  the  cross  contamination  of  Ge  in 
CdTe.  The  SIMS  data  of  a  CdTe  layer  grown  on  Ge/Si 
at  360°C  are  shown  in  Fig.  7.  It  is  clear  that  no 
outdiffusion  of  Ge  into  CdTe  is  seen.  In  addition, 
contamination  of  CdTe  from  residual  Ge  in  the  reac¬ 
tor  is  negligible  (below  the  detection  limit)  even  though 
the  same  reactor  was  used  for  both  Ge  and  CdTe 
growth.  Since  Ge  deposition  is  kinetically  limited  and 
deposits  only  on  the  Si  surface,  the  residual  Ge  in  the 
reactor  is  negligible.  Any  deposited  Ge  on  the  sub¬ 
strate  (if  any)  will  have  low  enough  vapor  pressure  at 
360°C  so  that  Ge  contamination  of  CdTe  layer  is  low. 
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High  quality  CdTe  can  be  grown  on  Si  using  the  low 
temperature  grown  Ge  interfacial  layer.  Figure  8 
shows  the  PL  spectra  at  10K  of  a  5  pm  thick  CdTe 
layer  grown  on  Si.  An  Ar-ion  laser  (4880A)  with 
source  power  of  9  mW  was  used.  The  spectra  was 
dominated  by  strong  excitonic  emission  at  1.588  eV. 
The  position  of  this  exciton  has  shifted  from  the  more 
typical  1.596  eV  found  in  bulk  CdTe.  The  shift  of  the 
excitonic  emission  was  also  observed  on  CdTe/GaAs/ 
Si  grown  by  hot  wall  epitaxy11  and  attributed  to 
residual  strain  the  film.  The  weak  defect  emission  at 
1.472  eV  and  its  phonon  replica  were  also  observed. 
The  low  intensity  of  defect  emission  compared  to  the 
excitonic  emission  indicates  that  the  CdTe  layer  on  Si 
is  of  high  optical  quality. 

CONCLUSIONS 

In  summary,  the  nature  of  reaction  between  ger¬ 
mane  gas  and  native  SixO  on  Si  is  studied  in  more 
detail.  The  induction  period  observed  before  a  con¬ 
tinuous  film  of  Ge  starts  to  grow  on  Si  is  related  to  the 
thickness  of  the  native  oxide  film  present.  It  appears 
that  the  induction  period  is  related  to  the  time  re¬ 
quired  to  remove  any  residual  native  oxide  by  the 
reduction  reaction  of  SiOx  germane  gas.  An  alterna¬ 
tive  possibility  is  that  the  Ge  nucleates  at  the  pin 
holes  that  may  be  present  in  the  oxide  and  the  induc¬ 
tion  period  is  related  to  the  time  required  for  the  Ge 
nuclei  to  coalesce  by  lateral  growth.  The  SIMS  data 
show  negligible  outdiffusion  and  cross  contamination 
of  Ge  in  CdTe. 


ACKNOWLEDGMENT 

The  authors  would  like  to  thank  Professor  S.P. 
Murarka  for  allowing  to  use  his  alpha-step  profiler, 
Dr.  Hung-Dah  Shih  of  Texas  Instruments  for  SIMS 
results,  and  J.  Barthel  for  technical  assistance.  Par¬ 
tial  support  was  provided  by  a  gift  from  Texas  Instru¬ 
ments.  This  support  is  gratefully  acknowledged. 

REFERENCES 

1.  R.  Sporken,  Y.C.  Chen,  S.  Sivananthan,  M.D.  Lange  and  J.P. 
Faurie,  J.  Vac.  Sci.  Technol.  B  10,  1405  (1992). 

2.  T.J.  deLyon,  J.A.  Roth,  O.K.  Wu,  S.M.  Johnson  and  C.A. 
Cockrum,  Appl.  Phys.  Lett .  63,  818  (1993). 

3.  W.S.  Wang  and  I.  Bhat,  J.  Electron .  Mater.  24,  451  (1995). 

4.  J.F.  Morar,  B.S.  Meyerson,  U.O.  Harisseau,  F.J.  Himpsel, 
F.M.  McFeely,  D.R.  Rieger,  A.  Taleb-Ibrahimi  and  J.A. 
Yarmoff,  Appl.  Phys.  Lett.  50,  463  (1987). 

5.  Y.  Takahashi,  H.  Ishii  and  K.  Fujiuaga,  Appl.  Phys.  Lett.  57 , 
599  (1990). 

6.  B.A.  Joyce  and  R.R.  Bradley,  Phil.  Mag.  15,  1167  (1967). 

7.  B.A.  Joyce.  J.  Cryst.  Growth  3-4,  43  (1968). 

8.  C.H.L.  Goodman,  ed.,  Crystal  Growth,  Vol.  1  (New  York: 
Plenum  Press,  1980). 

9.  K.  Tamaru,  M.  BoudartandH.  Yaylor,  J.  Phys.  Chem.  59, 801 
(1955). 

10.  B.  Cunningham,  J.O.  Chu  and  S.  Akbar,  Appl.  Phys.  Lett.  59, 
3437(1991). 

11.  R.  Korenstein,  P.  Madsian  and  P.  Hallock,  J.  Vac.  Sci. 
Technol.  B10,  1370(1992). 


Journal  of  Electronic  Materials,  Vol.  24,  No.  9,  1995 


Special  Issue  Paper 
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Te  precipitates  in  CdZnTe  have  been  characterized  by  x-ray  diffraction  at  room 
and  higher  temperatures.  From  the  x-ray  results  at  room  temperature,  it  has 
been  confirmed  that  Te  precipitates  in  CdZnTe  have  the  same  structural  phase 
as  observed  in  elemental  Te  under  high  pressure.  The  x-ray  results  at  higher 
temperature  indicate  that  Te  precipitates  melt  around  440°C.  CdZnTe  samples 
containing  Te  precipitates  have  been  annealed  at  temperatures  below  and  above 
440°C  with  thermal  gradient  of  ~70°C/cm.  Results  of  the  observation  with 
infrared  microscope  before  and  after  the  annealings  indicate  distinct  occurrence 
of  thermomigration  of  T  e  precipitates  in  samples  annealed  at  temperature  above 
440°C  compared  with  ones  annealed  at  temperature  below  440°C.  Thermo¬ 
migration  velocity  obtained  from  these  results  is  ~50  pm/h.  The  average  value 
for  the  effective  diffusion  coefficient  of  the  metallic  atoms  in  Te  precipitates 
calculated  by  using  the  thermomigration  velocity  is  ~3  x  lO5  cm2/s. 

Key  words:  CdZnTe,  effective  diffusion  coefficient,  Te  precipitates, 
thermomigration  velocity,  x-ray  diffraction 


INTRODUCTION 

CdZnTe  is  widely  preferred  as  a  substrate  material 
for  epitaxial  growth  HgCdTe  because  it  provides  the 
best  lattice  match  to  HgCdTe  epilayers.  CdZnTe  is 
expected  to  have  fewer  structural  defects  than  CdTe. 
Efforts  have  been  ongoing  to  grow  CdZnTe  crystal 
with  fewer  and  fewer  structural  defects  because  the 
crystalline  quality  of  the  HgCdTe  epilayer  is  affected 
by  that  of  the  substrate. 

Among  the  various  types  of  defects  which  could 
possibly  be  present  in  CdZnTe,  the  special  interest  is 
given  in  the  large  inclusion  of  nonmetal  particles, 
namely,  Te  precipitates.  These  precipitates  have  been 
reported  to  migrate  into  HgCdTe  epilayer  during  LPE 
growth  process  and  to  affect  the  device  performance  of 
LWIR  HgCdTe  arrays.12  In  this  paper,  an  experimen¬ 
tal  approach  is  presented  to  obtain  the  thermomi- 
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gration  velocity  of  Te  precipitates  and  then  the  effec¬ 
tive  diffusion  coefficient  of  metallic  (Cd,  Zn)  atoms  in 
liquid  Te. 

EXPERIMENTAL 

CdZnTe  boule  has  been  grown  by  the  vertical 
Bridgman  method  in  our  laboratory.  Cd096Zn004Te 
samples  of  ~1  x  5  x  10  mm3  in  approximate  sizes  are 
prepared  to  have  the  mirror-like  surfaces. 

The  distribution  of  Te  precipitates  in  as-grown 
CdZnTe  samples  has  been  observed  with  infrared 
microscope  in  the  transmission  mode.  X-ray  diffrac¬ 
tion  experiments  at  room  temperature  and  at  higher 
temperatures  from  410  to  440°C  are  performed  to 
confirm  the  presence  of  Te  precipitates  and  also  to 
determine  the  melting  point  of  the  precipitates. 
CdZnTe  samples  are  loaded  into  different  quartz 
ampoules.  The  quartz  ampoules  are  sealed  off  in 
vacuum.  The  annealing  experiments  at  two  different 
temperatures  have  been  carried  out — one  at  350°C 
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Fig.  1 .  Annealing  temperature  profile  at  the  position  of  the  samples. 


Fig.  2.  Density  and  size  of  Te  precipitates  vs  distance  from  the  tip  of 
as-grown  CdZnTe  boule. 


with  a  thermal  gradient  of  65°C/cm  and  the  other  at 
490°C  with  a  thermal  gradient  of  75°C/cm.  An  anneal- 
ing  time  of  3.5  h  is  used  in  both  experiments.  The 
annealing  temperature  profile  at  the  position  of  the 
ampoules  in  the  furnace  is  shown  in  Fig.  1.  The 
position  changes  of  Te  precipitates  in  CdZnTe  samples 
before  and  after  annealings  have  been  examined  with 
infrared  microscope  to  obtain  the  thermomigration 
velocity  and  then  the  effective  diffusion  coefficient  of 
(Cd,  Zn)  atoms  in  the  precipitates. 

RESULTS  AND  DISCUSSION 

By  the  direct  observation  with  infrared  microscope, 
the  overall  behavior  in  size  and  density  of  Te  precipi¬ 
tates  in  as-grown  CdZnTe  boule  has  been  investi¬ 
gated  (Fig.  2).  The  size  and  the  density  of  Te  precipi¬ 
tates  are  in  the  ranges  of  1-20  pm  and  103~lQ4/cm3, 
respectively,  and  show  an  increasing  trend  in  these 
values  toward  the  upper  part  of  the  boule  as  shown  in 
Fig.  2. 

This  tendency  implies  that  Te  precipitates  prob¬ 
ably  thermally  migrate  from  the  lower  colder  part  of 
the  boule  to  the  upper  hotter  part  during  growth  and 
also  that  the  upper  part  becomes  more  Te  rich  because 
of  a  possible  escape  of  Cd  from  the  upper  part  to  the 
void  space  during  growth. 

Shin  and  coworkers3  have  reported  that  Te  precipi¬ 
tates  in  CdTe  crystal  are  in  the  high  pressure  phase. 
From  the  observed  angles  of  the  x-ray  diffraction 
peaks,  it  could  be  confirmed  that  the  Te  precipitate  in 
CdZnTe  samples  has  the  same  structural  phase  as 
observed  in  elemental  Te  under  high  pressure.  The 
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gradual  change  of  the  x-ray  diffraction  peak  at  vari¬ 
ous  temperatures  is  shown  in  Fig.  3. 

The  intensity  of  the  peaks  changes  little  from  room 
temperature  to  420°C,  distinctly  decreases,  however, 
around  430°C ,  and  finally  disappears  at  around  440°C. 
The  annihilation  of  the  x-ray  peak  implies  that  Te 
precipitate  is  not  a  crystalline  solid  but  is  present  in 
a  molten  state  at  around  440°C.  The  x-ray  peak 
annihilation  temperature  of  440°C  is  close  to  the 
eutectic  temperature  of  437°C  on  the  Te-rich  side  in 
the  Cd-Te  system.4 

As  can  be  inferred  from  the  infrared  micrographs  of 
CdZnTe  samples  before  and  after  annealings  shown 
in  Fig.  4,  Te  precipitates  have  migrated  little  in 
sample  (#1)  annealed  at  350°C  (Fig.  4a),  but  have 
significantly  migrated  in  sample  (#2)  annealed  at 
490°C  (Fig.  4b).  Little  thermomigration  in  sample 
(#1)  means  that  only  solid  state  diffusion  contributes 
to  movement  of  Te  precipitates  at  temperature  below 
440°C. 

In  the  case  of  sample  (#2)  that  showed  distinct 
thermomigration  of  Te  precipitates,  the  thermomi¬ 
gration  velocity  is  obtained  by  measuring  the  dis¬ 
tance  each  Te  precipitate  thermomigrates  in  a  given 
annealing  period.  A  plot  of  the  distribution  of  the 
computed  thermomigration  velocity  of  various  Te 
precipitates  looks  as  a  Gaussian  behavior  (Fig.  5). 
From  this  plot,  a  mean  thermomigration  velocity  of 
-50  um/h  is  extracted. 

Anthony  and  Cline5  have  reported  the  relation  of 
thermomigration  velocity  and  effective  diffusion  coef¬ 
ficient  to  be  V  =  (D*/CBX3C/3T)LVTB,  where  the  effect 
of  interface  kinetics,  thermal  conductivity,  and  the 
Soret  effect  are  incorporated  in  an  approximate  effec¬ 
tive  diffusion  coefficient  D*.  It  is  assumed  that  Cs  is 
the  metallic  atom  concentration  of  CdZnTe  crystal, 
OC/3T)l  the  inverse  of  the  slope  on  liquidus  line  in  the 
phase  diagram  of  the  Cd-Te  system,  and  VTs  the 
thermal  gradient  in  the  sample.  The  effective  diffu¬ 
sion  coefficient  of  the  metallic  (Cd,  Zn)  atoms  in  Te 
precipitate  derived  from  the  formula  mentioned  above 
is  -3  x  105  cm2/s. 

The  large  values  of  the  thermomigration  velocity 
and  the  effective  diffusion  coefficient  imply  that  Te 
precipitates  in  CdZnTe  substrate  most  likely  migrate 
into  HgCdTe  epilayer  during  a  typical  LPE  growth 
process,  where  the  growth  temperature  is  around 
500°C  and  the  thermal  gradient  in  CdZnTe  substrate 
in  the  order  of  75°C/cm.2 

CONCLUSION 

The  melting  point  of  Te  precipitates  in  CdZnTe 
crystal,  above  the  temperature  of  which  the  ther¬ 
momigration  of  Te  precipitates  becomes  active,  has 
been  measured  by  the  high  temperature  x-ray  diffrac¬ 
tion.  The  thermomigration  of  Te  precipitates  which 
occurs  through  thermal  gradient  annealing  above  the 
melting  point  of  Te  precipitates  has  been  directly 
observed  by  infrared  microscopy.  The  thermomigration 
velocity  and  the  effective  diffusion  coefficient  have 
been  evaluated  from  these  observations. 
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Fig.  4.  Infrared  micrographs  of  CdZnTe  samples  [(a)  #1  and  (b)#2] 
before  and  after  annealing  (higher  temperature  at  the  right  hand  side 
of  each  annealed  sample). 


velocity(|um/hr) 

Fig.  5.  Gaussian  distribution  of  the  thermomigration  velocity  of  Te 
precipitates  in  annealed  CdZnTe  sample  #2. 
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In  order  to  improve  the  Zn  homogeneity  along  the  axial  direction  of  CdZnTe 
boule,  we  have  employed  a  modified  Bridgman  technique  using  a  (Cd,  Zn)  alloy 
source  in  communication  with  the  melt,  whose  temperature  has  been  gradually 
changed  from  800  to  840°C  during  growth.  Electron  probe  microanalysis  (EPMA) 
measurements  of  Zn  composition  in  the  boule  shows  an  excellent  homogeneity 
of  Zn  along  the  axis  of  the  CdZnTe  boule  compared  with  results  in  a  boule  grown 
by  using  a  fixed  source  temperature.  We  have  performed  a  numerical  simulation 
to  obtain  the  approximate  temperatures  of  additional  heating  and  cooling 
needed  to  improve  the  radial  Zn  homogeneity.  CdZnTe  boule  has  been  grown  by 
seeded  vertical  Bridgman  furnace  with  two  zones  of  heater  and  cooler.  Ultravio¬ 
let/visible  spectroscopic  measurements  of  Zn  composition  over  the  length  of  the 
boule  indicate  that  the  radial  distribution  of  Zn  composition  is  very  homogeneous 
in  the  body  region  of  the  boule,  where  the  radial  variation  of  Zn  composition  is 
±0.0005. 

Key  words:  CdZnTe,  modified  Bridgman  technique,  numerical  simulation, 

Zn  homogeneity 


INTRODUCTION 

For  high  density  HgCdTe  infrared  focal  plane  ar¬ 
rays  (IRFPAs),  large  area  and  homogeneously  lattice- 
matched  substrates  of  CdZnTe  are  required.  In  the 
case  of  growing  CdZnTe  boule  by  the  conventional 
Bridgman  method,  however,  it  is  difficult  to  obtain 
CdZnTe  substrates  with  both  large  area  and  good  Zn 
homogeneity  because  of  two  reasons.  First,  the  segre¬ 
gation  coefficient  of  Zn  in  CdTe  is  larger  than  1 
(reportedly  1.16-1. 35), 1)2  that  gives  rise  to  an 
inhomogeneous  distribution  of  Zn  along  the  axial 
direction  in  the  boule.  Second,  the  shape  of  the  solid/ 
liquid  interface  during  growth,  which  determines  the 
radial  Zn  homogeneity  in  the  boule,  is  difficult  to 
maintain  to  be  nearly  flat.  In  this  paper,  two  tech- 
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niques  are  presented  to  obtain  CdZnTe  substrates 
with  homogeneous  Zn  distribution  in  the  lateral  di¬ 
rection. 

IMPROVEMENT  OF  AXIAL  Zn 
HOMOGENEITY 

In  order  to  improve  the  axial  homogeneity  of  Zn 
composition,  we  have  employed  a  modified  Bridgman 
method,  which  makes  it  possible  to  keep  the  Zn 
composition  to  be  constant  at  the  solid/liquid  inter¬ 
face  during  growth.  This  has  been  achieved  by  con¬ 
trolling  the  temperature  of  the  (Cd,  Zn)  alloy  source, 
which  is  in  communication  with  the  melt.  Figure  1 
displays  the  modified  Bridgman  furnace  system  com¬ 
posed  of  three  temperature  zones.  The  upper  zone  is 
to  control  the  temperature  of  (Cd,  Zn)  alloy  source  and 
its  vapor  pressure,  the  middle  zone  is  to  melt  the  raw 
materials  of  Cd,  Zn  and  Te,  and  the  bottom  zone  is  to 
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solidify  the  melt.  The  composition  of  the  (Cd,  Zn)  alloy 
source  and  its  temperature  used  in  CdZnTe  growth  by 
the  modified  Bridgman  technique  are  Cd0  96Zn0  04  and 
80Q~840°C,  respectively.  The  growth  rate  and  the 
thermal  gradient  at  the  position  of  melting  point  in 
the  furnace  have  been  fixed  at  1.8  mm/h  and  ~10°C/ 
cm.  respectively.  The  CdZnTe  samples  selected  from 
each  of  the  boules  for  compositional  analysis  of  Zn  via 
electron  probe  micro- analysis  have  been  prepared 
with  mirror  surface  finish. 

Figure  2  displays  the  distribution  of  Zn  along  the 
axis  of  each  boule  grown  with  the  conditions  summa¬ 
rized  in  Table  I.  The  distribution  of  Zn  in  CdZnTe 
boule  (#1)  grown  with  only  Cd  source  at  a  constant 
temperature  of  800°C  follows  the  well-known  normal 
freezing  curve,  from  which  the  segregation  coefficient 


Fig.  1 .  Schematic  diagram  of  modified  Bridgman  furnace  system. 


is  calculated  to  be  1.2  (Fig.  2a).  For  boule  (#2)  grown 
by  using  (Cd,  Zn)  alloy  source,  the  temperature  of 
which  is  fixed  at  830°C,  the  distribution  of  Zn  shows 
the  same  tendency  as  in  the  boule  (#1).  As  can  be 
inferred  from  the  distribution  of  Zn  in  boule  (#3) 
shown  in  Fig.  2b,  however,  the  axial  homogeneity  of 
Zn  greatly  improves  by  gradually  changing  the  tem¬ 
perature  of  (Cd,  Zn)  alloy  source  from  800  to  840°C 
during  growth,  and  the  majority  of  the  boule  (over 
7 0%  in  volume  fraction)  has  the  Zn  composition  within 
3-4%. 

IMPROVEMENT  OF  RADIAL  Zn 
HOMOGENEITY 

It  is  well  known  that  a  flat  or  slightly  convex  shape 
of  the  solid/liquid  interface  is  necessary  to  grow  a  good 
crystal  because  the  interface  shape  makes  a  grain 
selection  possible.  In  addition,  this  interface  shape 
improves  the  radial  homogeneity  of  Zn  in  CdZnTe 
boule  because  the  Zn  compositional  uniformity  of  the 
solidified  material  follows  the  shape  of  the  interface. 

First  of  all,  numerical  simulation  has  been  per¬ 
formed  by  a  finite  differential  method  to  establish  the 
optimum  additional  heating  and  cooling  temperatures 
of  the  middle  and  bottom  zones  (Fig.  1),  and  to  make 
the  solid/liquid  interface  shape  flat,  so  that  a  homoge¬ 
neous  distribution  of  Zn  results  in  the  radial  direction 
(Fig.  3).  Calculation  is  made  using  a  two-dimensional 
axisymmetric  model  for  the  boule  with  both  conduc¬ 
tive  and  radiative  modes  of  heat  transfer  between  the 
furnace  wall  and  the  boule.  In  this  calculation,  it  is 
neglected  the  possible  convective  fluid  flow  in  melt 
and  the  thermal  effect  of  the  ampoule  containing  the 
charge.  The  boule  diameter  used  is  30  mm  and  its 
length  120  mm.  The  system  is  considered  to  be  quasi¬ 
steady  state,  i.e.,  transients  are  neglected. 

Based  on  the  results  obtained  from  the  simulation, 
the  temperatures  of  heater  and  cooler  have  been 
controlled  during  growth  of  CdZnTe  boule.  CdTe 
crystal  has  been  used  as  seed  for  the  CdZnTe  to  grow 
in  the  boule  with  axis  of  {111},  and  it  has  been  found 
that  the  axis  of  the  grown  boule  is  oriented  ~8°  off 
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Hg.  2.  Distribution  of  Zn  composition  vs  volume  fraction  solidified  in  CdZnTe  bouie  grown  with  the  source  temperature  (a)  at  800°C  (Z:  only 
Cd  source)  and  at  830°C  (*:  Cd,  Zn  source),  and  (b)  gradually  changed  from  800  to  840°C  (  :  Cd,  Zn  source). 
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Fig.  3.  Solid/liquid  interface  shape  vs  cooler  temperature  at  (a)  1 01 0, 
(b)  1 030.  and  (c)  1045°C. 


{Ill},  using  the  Laue  back  reflection  x-ray  technique. 
The  diameter  and  the  length  of  the  boule  are  30  and 
120  mm,  respectively.  The  boule  is  cut  perpendicu¬ 
larly  to  its  axis  in  order  to  obtain  the  circular  slices 
with  1  mm  thickness,  and  the  wafers  with  mirror-like 
surfaces  are  prepared  through  polishing.  From  the 
cut-on  wavelengths  measured  with  ultraviolet/vis¬ 
ible  spectrometer,  the  cut-on  energies  are  calculated 
along  the  lateral  direction  of  CdZnTe  wafers. 

The  map  of  Zn  composition  over  the  boule  is  ob¬ 
tained  using  the  relation  between  Zn  composition  and 
cut-on  energy.3  The  map  of  Zn  composition  of  CdZnTe 
boule  makes  it  possible  to  obtain  the  contour  of  Zn 
composition,  in  other  words,  the  iso-composition  line 
of  Zn  shown  in  Fig.  4.  The  map  indicates  that  the 
shoulder  region  of  boule  grown  at  the  first  stage  has 
a  shape  of  “W”  (the  shape  is  convex  at  center  and 
concave  near  wall).  At  the  middle  stage,  however,  the 
concave  shape  disappears  and  the  interface  shape  is 
getting  more  flat.  As  a  result,  the  body  region  (-50% 
in  volume  fraction)  of  the  boule  has  good  homogeneity 
of  Zn  composition  in  the  radial  direction  within  ±0.0005 
in  composition.  At  the  final  stage  of  growth,  the 
interface  shape  is  gradually  changed  into  a  concave 
shape,  which  is  supposed  to  lead  to  a  few  grains  in  the 
tail  region  of  the  boule. 

CONCLUSION 

It  is  found  that  the  axial  homogeneity  of  Zn  com¬ 
position  can  be  improved  by  the  modified  Bridgman 
technique  by  gradually  changing  the  temperature  of 
a  (Cd,  Zn)  alloy  source  in  communication  with  the 
melt.  In  order  to  improve  the  radial  homogeneity  of  Zn 
within  ±0.0005  in  composition,  a  two-zone  furnace 
with  heater  and  cooler  is  used  and  their  temperatures 


Fig.  4.  Contour  map  of  Zn  composition  in  Cd,_y  ZnyTe  boule. 

are  based  on  those  obtained  by  numerical  simulation, 
which  makes  the  shape  of  solid/liquid  interface  flat  or 
slightly  convex.  As  a  result,  the  body  region  of  the 
grown  CdZnTe  boule  shows  a  good  homogeneity  of  Zn 
composition. 

The  results  from  the  growth  experiments  indicate 
that  a  good  homogeneity  of  Zn  composition  can  be 
obtained  over  the  majority  of  CdZnTe  boule,  making 
it  possible  to  obtain  large  area  CdZnTe  substrates 
with  homogeneous  lattice-matching  to  HgCdTe 
epilayers  grown  on  them,  thus  making  it  possible  to 
eventually  improve  the  yield  of  high  density  arrays. 
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Assessment  of  the  Purity  of  Cadmium  and  Tellurium  as 
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In  order  to  assess  the  purity  of  their  Cd  and  Te  components,  CdTe  crystals  have 
been  grown  by  Bridgman  using  commercial  batches  of  elements  of  purity  ranging 
from  5N  to  6N+.  The  assessment  has  been  achieved  through  the  classical  optical 
and  electrical  techniques  that  solid  state  physics  offers,  on  as-grown  and 
annealed  crystals.  Some  contamination  by  residual  acceptors  like  Cu,  Li,  and  P 
is  shown  to  occur  during  the  high  temperature  growth,  mainly  if  uncoated  silica 
tubes  are  used,  as  is  emphasized  within  a  comparison  between  the  electrical  and 
optical  properties  of  crystals  grown  by  melt-growth  or  at  lower  temperature  by 
solution-growth. 

Key  words:  Bridgman  growth,  CdTe,  impurity  incorporation 


INTRODUCTION 

Impurities  in  HgCdTe  (MCT)  can  affect  material 
properties  such  as  carrier  concentration,  mobility  and 
minority  carrier  lifetime,  and  impact  photodetector 
performance.  The  influence  of  the  substrate  purity  on 
the  electrical  properties  of  epitaxial  layers  has  been 
stressed  in  the  case  of  the  growth  of  MCT  on  commer¬ 
cially  available  CdTe  and  CdZnTe  substrates  by  mo¬ 
lecular  beam  epitaxy1’2,  organometallic  vapor  phase 
epitaxy3  and  liquid  phase  epitaxy.4  Impurities  have 
been  shown  to  out-diffuse  from  the  substrate  into  the 
layer  even  at  a  MBE  growth  temperature  as  low  as 
200°C.1  It  is  then  of  prime  importance  to  estimate  the 
real  impact  of  the  purity  of  the  Cd  and  Te  components 
on  the  CdTe  substrate  properties  and  to  try  to  answer 
such  questions  as:  How  to  assess  the  purity  of  the 
elements  to  be  used  as  substrate  components?  What 
purity  level  for  the  elements  to  be  used?  What  is  the 
influence  of  the  growth  process  on  the  purity  of  the 
crystals?  Not  only  the  initial  purity  of  the  elements, 
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but  also  the  technological  parameters  used  at  the 
different  steps  of  the  growth  process  (silica  tube, 
chemical  etching,  sealing,  furnace,  growth  method) 
have  indeed  to  be  taken  into  account. 

Chemical  analysis  of  Cd  and  Te  by  such  techniques 
as  glow  discharge  mass  spectrometry  (GDMS),  spark 
source  mass  spectrometry  (SSMS),  Zeeman  corrected 
graphite  furnace  atomic  absorption  (ZCGFAA), 
flameless  atomic  absorption  spectrometry  (FAAS), 
secondary  ion  mass  spectrometry  (SIMS),  resonance 
ionization  spectroscopy  (RIS),  or  other  methods,  is 
complex  and  costly,  taking  much  time  to  cover  the 
whole  spectrum  of  sensitive  impurities.  Generally, 
several  techniques  have  to  be  used  in  parallel.  The 
results  are  often  disappointing  and  can  be  con¬ 
tradictory. 

Solid  state  physics  offers  a  unique  means  to  es¬ 
timate  the  purity  of  the  crystals,  at  a  detection  level 
quite  lower  than  chemical  analysis  does,  and  pre¬ 
cisely  for  the  electrically  active  impurities  to  consider 
for  their  detrimental  behavior  in  MCT. 

Within  a  comparison  between  several  batches  of  Cd 
and  Te  originating  from  different  companies,  classi- 
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Table  I.  Results  of  Electrical  Measurements  on  CdTe  Crystals  Grown  by  Bridgman 
and  THM  Using  Different  Cd  and  Te  Batches 


Starting 

Elements 


Growth 

Purity, 

Growth 

Look 

Name 

Tech. 

Batch  No. 

Cond. 

Nd  (cm-3) 

N4  (cm-3) 

na/nd 

cm2/Vs 

cmWs 

EDmev 

ER6G7 

THM 

6N  Cd  and  Te 

Tg  =  780°C 

1  x  IQ15 

9.4  x  1014 

0.88 

880 

21000  (24K) 

8.17 

0-607-A 

6N  Te  solvent 

CTHM3 

THM 

CdTe  VZM 

6N+  Te  solvent 

Tg=  750°C 

2.7  x  1014 

9  x  IQ13 

0.333 

1050 

20000  (30K) 

11 

CTHM28 

MTHM 

CdTe  VZM 

6N+  Te  solvent 

Tg  =  750°C 

2.5  x  1014 

1.8  x  1014 

0.72 

1130 

45500  (30K) 

10 

CTHM59 

CTHM 

Cd  6N  Te  5N 
6N+  Te  solvent 

Tg  =  780°C 

3.4  x  1014 

1.5  x  1013 

0.04 

840 

41380  (28K) 

15 

CTHM54 

THM 

6N  CdTe 

6N+  Cd  solvent 

Tg  =  1000°C 

4.85  x  1014 

8.5  x  1013 

0.175 

825 

13000  (4 OK) 

12 

CT64E1 

Bridgman 

6N*-batch  1 

GCS 

1.75  x  1015 

1.64  x  1015 

0.93 

800 

12500  (35K) 

9.4 

CT64E2 

2.61  x  1015 

1.65  x  1G15 

0.77 

800 

10000  (39K) 

9 

CT65 

Bridgman 

idem  CT64 

GCC 

2.16  x  1015 

9.57  x  IQ14 

0.44 

990 

15820  (40K) 

9.2 

CT69A 

Bridgman 

idem  CT64 

GCC 

2.25  x  1015 

1.45  x  IQ15 

0.64 

945 

16070  (35K) 

8.8 

CT69B 

Highly  resistive 

CT72 

Bridgman 

idem  CT64 

uncoated  silica  Highly  resistive 

CT66 

Bridgman 

6N^-batch  2 

GCS 

3  x  1015 

2  x  1015 

0.67 

800 

23100  (35K) 

8 

CT67 

Bridgman 

6N*-batch  3 

GCS 

3.35  x  1015 

2.34  x  IQ15 

0.72 

730 

13250  (35K) 

7.2 

CT68 

Bridgman 

6N*-batch  4 

GCS 

2.18  x  1015 

1.08  x  IQ15 

0.5 

770 

13650  (35K) 

9.3 

CT70 

Bridgman 

6N+-batch  5 

GCS 

8.11  x  10u 

4.41  x  1014 

0.54 

753 

21000  (41K) 

11.6 

CT71 

Bridgman 

6N-batch  6 

GCS 

2.8  x  1015 

2.6  x  1015 

0.94 

670 

7600  (30K) 

7.4 

CT73 

Bridgman 

5N-batch  7 

GCS 

8.1  x  1015 

8  x  IQ15 

0.987 

323 

6707  (31K) 

7 

Note:  MTHM  =  multipass  THM;  CTHM  =  cold  THM;  VZM  =  vertical  zone  melting;  TG  =  growth  temperature.  All  THM  experiments  using 
graphite  coated  silica.  GCS  =  graphite  coated  silica;  GCC  =  glassy  carbon  crucible. 


cal  electrical  measurements  (Hall  effect  and  conduc¬ 
tivity)  performed  on  annealed  CdTe  crystals  will  be 
shown  to  be  an  efficient  way  to  assess  the  purity  of 
their  components,  with  a  further  significant  advan¬ 
tage  of  evaluating  precisely  the  purity  of  the  final 
material  used.  Following  the  global  estimation  of  the 
electrically  active  residual  impurities  by  electrical 
measurements,  the  main  acceptor  impurities  were 
identified  by  photoluminescence. 

EXPERIMENTAL  PROCEDURES 

Using  batches  of  cadmium  and  tellurium  of  com¬ 
mercial  purity  5N,  6N,  and  6N+,  originating  from 
seven  different  companies,  15  mm  diameter  CdTe 
ingots  have  been  grown  in  a  three-zone  furnace  by  the 
vertical  Bridgman  technique  under  controlled  Cd 
vapor  pressure5  using  a  single  procedure.  The  6N+ 
batches  we  used  (batch  1  to  5)  cover  different  high 
purity  products  of  grades  presented  commercially  by 
the  suppliers  as  6N+,  6N5,  6N  DZR,  6N  QZR,  7N+, 
6NS2,  and  6N5+.  The  same  batch  of  silica  tubes  (GE 
214)  has  been  used  for  all  the  growth  experiments. 
The  tubes  have  been  chemically  cleaned  and  backed 
out  at  high  temperature  under  the  same  conditions. 
The  chemical  etching  of  the  elements  was  achieved 
according  to  the  same  process.  The  same  thermal 
conditions  and  the  same  growth  rate  were  used  for  all 


growth  experiments.  Different  environmental  condi¬ 
tions  have  been  used  for  a  given  SN+  batch  (graphite 
coated  silica  tubes,  uncoated  tubes,  glassy  carbon 
crucibles)  while  the  comparison  between  the  different 
batches  has  been  achieved  using  classical  graphite 
coated  silica  tubes. 

Test  samples  have  been  selected  from  two  cen¬ 
timeters  from  the  first-part-to-freeze  of  every  ingot,  in 
order  to  account  for  the  segregation  effects,  except  for 
one  sample  (CT69B)  cut  from  the  tail  of  an  ingot 
(CT69). 

The  samples  dedicated  to  the  electrical  mea¬ 
surements  have  been  annealed  under  saturated  Cd 
vapor  pressure  at  700°C  for  3  h,  according  to  the  same 
protocol  for  each  sample,  followed  by  water  quench¬ 
ing.  The  annealing  step  is  essential  for  the  impurities 
to  out-diffuse  from  precipitates  at  which  they  are 
included6  and  to  reveal  the  actual  purity  of  the  crys¬ 
tals.  Furthermore,  it  makes  the  impurities  electri¬ 
cally  active  and  allows  the  conductivity  type  of  the 
samples  to  be  generally  converted  from  p-  to  n-type, 
when  achieved  under  Cd-rich  conditions.  700°C,  3  h 
Cd-saturated  annealing  has  been  found  adequate  to 
remove  Te  precipitates.  The  quenching  step  has  been 
shown  essential  to  prevent  Te  precipitation  and  impu¬ 
rity  re-association  leading  to  compensation  effects.7 

The  annealed  test-samples  were  then  submitted  to 
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electrical  measurements,  while  as-grown  and  an¬ 
nealed  samples  were  submitted  to  optical  measure¬ 
ments.  The  electrical  properties  of  the  Bridgman 
samples  have  been  compared  to  those  of  some  travel¬ 
ing  heater  method  (THM)  samples  grown  according  to 
various  THM  conditions:  classical  THM,  multipass 
THM,8  and  cold  THM9  using  tellurium  as  the  solvent 
and  THM  using  Cd  as  the  solvent.10 

RESULTS  AND  DISCUSSION 

The  results  of  electrical  measurements  are  gath¬ 
ered  in  Table  I,  in  which  are  displayed  the  names  of 
the  ingots;  the  growth  technique  used;  the  purity  of 
the  starting  elements  and  the  batch  number;  the 
growth  conditions  including  growth  temperature  for 
THM  (all  the  THM  growths  were  performed  in  graph¬ 
ite  coated  silica  tubes)  and  crucible  nature  for 
Bridgman;  the  concentration  of  electrically  active 
donors  and  acceptors,  respectively  ND  and  NA;  the 
compensation  ratio,  NA/ND;  the  room  temperature 
mobility,  |i300K;  the  maximum  mobility  at  low  tem¬ 
perature,  pmax,  with  mention  of  the  low  temperature  at 
which  mobility  peaks;  and  the  ionization  energy  of 
donors,  ED. 

A  typical  photoluminescence  spectrum  measured 
at  liquid  helium  temperature  on  an  as-grown  6N+ 
sample  is  pictured  in  Fig.  1.  It  displays  a  dominant 
A°X  emission,  constituted  by  a  majority  line  at  1.5896 
eV,  generally  identified  as  the  radiative  annihilation 
of  excitons  bound  to  neutral  substitutional  copper 
CuCd,1U2  and  two  weaker  excitonic  A°X  lines  on  its  low 
energy  side,  at  1.5893  and  1.5889  eV,  respectively, 
attributed  to  LiCd  and  PCd.  At  higher  energy,  a  weak 
D°X  emission,  corresponding  to  the  radiative  annihi¬ 
lation  of  excitons  on  neutral  shallow  donors,  can  be 
seen.  It  is  composed  of  a  dominant  line  at  1.5928  eV 
surrounded  by  weaker  lines  corresponding  to  the 
donors  excited  states.  At  lower  energy,  only  two  or 
three  very  weak  DAP  bands,  generally  attributed  to 
residual  Li  and  Na,  are  visible  near  1.53-1.55  eV.  No 
emissions  are  found  in  the  1.42  eV  region.  The  spectra 
of  the  5N  and  6N  samples  are  similar.  The  Li  A°Xline 
has  been  found  to  dominate  over  the  P  and  Cu  A°X 
lines  in  the  spectrum  of  the  THM  sample  ER607, 
probably  as  the  result  of  a  segregation  coefficient  of 
Cu  being  smaller  than  for  lithium  in  the  liquid  tellu¬ 
rium  used  as  the  solvent  for  the  THM  growth.13 

A  typical  photoluminescence  spectrum  measured 
at  liquid  helium  temperature  for  an  annealed  6N+ 
sample  is  pictured  in  Fig.  2.  It  shows  qualitatively  the 
same  features  as  for  the  as-grown  samples,  but  the 
intensity  of  D°X  increases,  except  for  the  samples 
from  the  ingot  grown  in  uncoated  silica  and  in  the  tail 
of  CT69  for  which  D°X  remains  extremely  weak.  D°X 
even  dominates  the  spectrum  of  THM  sample  ER607. 
As  a  result  of  the  increase  of  the  intensity  of  the  D°X 
line,  the  intensity  of  the  main  A°X  line  generally 
decreases  after  annealing,  except  for  the  samples 
from  the  ingot  grown  in  uncoated  silica  and  in  the  tail 
of  CT69  for  which  A°X  increases.  At  lower  energy,  the 
trend  is  also,  for  all  samples,  a  decrease  in  intensity  of 


the  deeper  DAP  bands  located  around  1.55  eV.  The 
spectra  measured  on  the  annealed  5N  and  6N  samples 
are  qualitatively  similar,  with  a  very  weak  D°X  emis¬ 
sion  which  becomes  extremely  weak  in  the  crystal 
grown  in  an  uncoated  silica  tube  (CT72)  as  well  as  in 
those  cut  from  the  tail  of  a  6N+  ingot  (CT69).  Note  that 
the  intensity  ratios  Iaox/doy  of  as-grown  and  an¬ 
nealed  samples  are  more  to  oe  taken  into  account 
than  the  absolute  values  of  the  intensities  within  a 
comparison. 

In  Table  II  are  displayed  the  emission  intensity,  in 
arbitrary  units,  of  the  main  excitonic  A°X  and  D°X 
lines  of  the  photoluminescence  spectra  measured  at 
liquid  helium  temperature,  and  the  ratio  of  their 
intensities  for  both  annealed  and  as-grown  samples. 
For  the  annealed  samples,  this  ratio  is  found  to  follow 
very  roughly  the  compensation  ratio  NA/ND  deter¬ 
mined  from  the  electrical  measurements. 

For  the  crystals  grown  using  the  same  batch  of  Cd 
and  Te  (batch  1)  and  different  environmental  condi¬ 
tions,  the  annealing  was  not  able  to  convert  to  n-type 
the  conductivity  of  the  crystals  either  grown  in  un- 


Fig.  1  .Typical  photoluminescence  spectrum  measured  at  4K  of  an  as- 
grown  Bridgman  sample. 


Fig.  2.  Typical  photoluminescence  spectrum  measured  at  4K  of  an 
annealed  Bridgman  sample. 
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Table  IL  Emission  Intensity,  in  Arbitrary  Units,  of  the  Main  Excitonie  Lines  A°X  and  D°X  of  the 
Photolunainescence  Spectra  Measured  at  Liquid  Helium  Temperature 


Name 

Growth 

Tech. 

Starting 
Elements 
Purity, 
Batch  No. 

Growth 

Cond. 

na/nd 

L»xAs- 

Grown 

I  DoX  As- 
Grown 

Ja»x  f 

Lx  As- 
Grown 

IA„xAn- 

nealed 

nealed 

Tw 

I  DoX  An¬ 
nealed 

ER607 

THM 

6N  Cd  and  Te 

Tg  =  780°C 

0.88 

4200 

280 

15 

1160 

1940 

0.6 

0-607-A 

6N  Te  solvent 

CT64E1 

Bridgman 

6N+-batch  1 

GCS' 

0.93 

11500 

150 

76 

5960 

400 

15 

CT64E2 

0.77 

CT65 

Bridgman 

idem  CT64 

GCC* 

0.44 

14300 

290 

50 

830 

210 

3.9 

CT69A 

Bridgman 

idem  CT64 

GCC 

0.64 

9800 

650 

15 

3970 

1070 

3.7 

CT69B 

1710 

17 

100 

7600 

76 

100 

CT72 

Bridgman 

idem  CT64  uncoated  silica 

1270 

17 

75 

1630 

30 

54 

CT66 

Bridgman 

6N+-batch  2 

GCS 

0.67 

8800 

410 

20 

4470 

690 

6.5 

CT67 

Bridgman 

6N+-batch  3 

GCS 

0.72 

17700 

530 

33 

3470 

650 

5.3 

CT68 

Bridgman 

6N+-batch  4 

GCS 

0.5 

20900 

840 

25 

9930 

1270 

7.9 

CT70 

Bridgman 

6N+-batch  5 

GCS 

0.54 

9700 

130 

75 

2070 

280 

7.4 

CT71 

Bridgman 

6N-batch  6 

GCS 

0.94 

17000 

340 

50 

9370 

380 

24.7 

CT73 

Bridgman 

5N-batch  7 

GCS 

0.987 

2690 

70 

38 

2250 

105 

21 

GCS  =  graphite  coated  silica;  GCC  =  glassy  carbon  crucible. 

coated  silica  (CT72)  or  cut  from  the  tail  of  the  ingot 
(CT69B),  as  a  result  of  the  contamination  by  acceptors 
from  the  silica,  for  CT72,  and  of  the  segregation  of 
acceptors,  mainly  copper,  toward  the  tail  of  the  ingots, 
for  CT69B.  The  compensation  ratio  determined  by 
photoluminescence  from  the  intensity  ratio  IAox/^ox 
remained  unchanged  before  and  after  annealing.  The 
crystals  grown  in  glassy  carbon  crucibles  show  the 
highest  room  and  low  temperature  mobilities,  as  a 
result  of  a  lower  contamination  than  for  those  grown 
in  graphite  coated  or  uncoated  silica  tubes. 

Crystals  grown  in  graphite  coated  silica  tubes  us¬ 
ing  different  6N+  batches  present  rather  uniform 
characteristics,  with  ND  and  NA  lying  respectively  in 
the  ranges  8  x  1014-3  x  1015  cm-3  and  4  x  1014-2  x  1015 
cm"3  (a  factor  4  between  minimum  and  maximum 
values  for  both  NA  and  ND),  with  p300K  about  800  cm2/ 
Vs  and  pmax  in  the  range  10,000-23,000  cm2/V s.  These 
Nd  and  Na  values  are  roughly  in  agreement  with  what 
could  be  expected  for  a  6N+  purity.  The  compensation 
ratio,  as  determined  from  IAox/DoxJ  is  reduced  by  a 
factor  3  to  10  after  annealing. 

The  values  of  ND  and  NA  of  the  crystals  grown  using 
6N  elements  are  very  close  to  those  of  the  6N+  crystals, 
but  are  roughly  one  order  of  magnitude  higher  for  the 
“5N”  crystals,  as  expected.  The  “5N”  and  “6N”  crys¬ 
tals  present  lower  mobilities  and  a  high  compensation 
ratio  decreasing  only  by  a  factor  2  after  annealing, 
compared  to  3  to  10  for  the  6N+  crystals,  as  measured 
from  photoluminescence  experiments. 

By  comparison,  the  crystals  grown  by  THM  ac¬ 
cording  to  different  processes  and  experimental  con¬ 
ditions  (except  ER607  grown  using  6N  elements)  are 
shown  to  present  acceptor  and  donor  concentrations, 
respectively,  one  order  and  one  to  two  orders  of  mag¬ 
nitude  lower  than  the  Bridgman  ones,  as  a  result  of 
some  contamination  occurring  during  the  high  tem¬ 
perature  Bridgman  process  from,  or  through,  the 


silica  tubes. 

Note  that  some  very  rough  correlation  appears 
between  the  compensation  state  of  the  crystals  and 
their  mobilities.  The  lower  the  compensation,  the 
higher  the  mobilities  are.  As  an  example,  the  5N 
sample,  with  a  compensation  ratio  of  -0.99  presents 
the  lowest  room  temperature  mobility,  323  cmWs, 
followed  by  the  6N  sample,  with  a  compensation  ratio 
of  0.94  and  a  room  temperature  mobility  of  670  cm2/ 
Vs. 

Note  also,  that  the  ionization  energies  of  the  donors 
are  all  the  higher  since  the  compensation  is  low,  as 
expected  from  the  classical  theories  of  screening  of  the 
wave  functions  of  electrons  by  residual  acceptors. 

Another  observation  is  that,  among  all  the  ingots 
grown  under  the  same  conditions,  only  the  ingot 
grown  in  uncoated  silica  was  fully  a  single  crystal.  A 
similar  observation  has  been  recently  reported  by 
Shetty,14  who  was  nevertheless  not  able  to  remove 
such  ingots  from  the  uncoated  tubes  because  of  a 
severe  sticking  on  the  silica  walls  together  with  a 
great  fragility  of  the  material.  In  our  case,  the  ingot 
was  easily  removed,  either  because  of  less  oxide  in  the 
starting  elements  or  because  of  some  difference  in  the 
silica  tubes.  Some  computer  simulation  has  been 
engaged  to  identify  the  reasons  of  this  unexpected 
single  crystal  growth. 

CONCLUSIONS 

Owing  to  the  extremely  high  sensitivity  of  “solid 
state  physics”  measurements  to  the  electrically  active 
residual  impurities,  some  contamination  at  the  6N+ 
level  has  been  found  to  occur  during  the  Bridgman 
growth  of  CdTe,  mainly  from  acceptors  that  have  been 
identified  from  photoluminescence  experiments  to  be 
mainly  copper.  Lithium  and  phosphorous  were  also 
found  in  some  cases  at  a  lower  level.  The  contamina¬ 
tion  is  higher  toward  the  tails  of  the  ingots  and  can  be 
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dramatically  high  when  growth  occurs  in  uncoated 
silica  tubes,  clearly  indicating  silica  as  the  main 
source  of  contamination.  Contamination  can  be  re¬ 
duced  with  graphite  coating  or  by  using  pure  crucibles 
loaded  in  the  ampoules,  or  also  by  using  ampoules  of 
larger  diameter.  When  larger  diameter  ampoules  are 
used,  the  ratio  between  the  internal  “exchange”  sur¬ 
face  of  the  tubes  and  the  volume  of  the  ingots  de¬ 
creases.  The  contamination,  occurring  as  a  result  of  a 
high  temperature  melt-growth  process  such  as  the 
Bridgman  one,  becomes  a  significant  vehicle  for  im¬ 
purities  when  using  very  pure  elements,  as  is  empha¬ 
sized  by  the  comparison  between  the  electrical  and 
optical  characteristics  of  CdTe  crystals  grown  either 
at  high  temperature,  or  at  low  temperature  by  cold 
traveling  heater  method  and  by  classical  THM. 
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Extensive  material,  device,  and  focal  plane  array  (FPA)  reproducibility  data  are 
presented  to  demonstrate  significant  advances  made  in  the  molecular  beam 
epitaxial  (MBE)  HgCdTe  technology.  Excellent  control  of  the  composition, 
growth  rate,  layer  thickness,  doping  concentration,  dislocation  density,  and 
transport  characteristics  has  been  demonstrated.  A  change  in  the  bandgap  is 
readily  achieved  by  adjusting  the  beam  fluxes,  demonstrating  the  flexibility  of 
MBE  in  responding  to  the  needs  of  infrared  detection  applications  in  various 
spectral  bands.  High  performance  of  photodiodes  fabricated  on  MBE  HgCdTe 
layers  reflects  on  the  overall  quality  of  the  grown  material.  The  photodiodes  were 
planar  p-on-n  junctions  fabricated  by  As  ion-implantation  into  indium  doped,  n- 
type,  in  situ  grown  double  layer  heterostructures.  At  77K,  diodes  fabricated  on 
MBE  Hgx  xCdxTe  with  x  ~  0.30  (A,co  ~  5.6  pm),  x  ~  0.26  (A,co  ~  7  pm),  x  «  0.23  ( Xco  ~ 

10  pm)  show  RqA  products  in  excess  of  1  x  106  ohm-cm2,  7  x  105  ohm-cm2,  and 
3  x  102  ohm-cm2,  respectively.  These  devices  also  show  high  quantum  efficiency. 

As  a  means  to  assess  the  uniformity  of  the  MBE  HgCdTe  material,  two- 
dimensional  64  x  64  and  128  x  128  mosaic  detector  arrays  were  hybridized  to  Si 
multiplexers.  These  focal  plane  arrays  show  an  operability  as  high  as  97%  at  77K 
for  the  x  «  0.23  spectral  band  and  93%  at  77Kfor  the  x  «  0.26  spectral  band.  The 
operability  is  limited  partly  by  the  density  of  void-type  defects  that  are  present 
in  the  MBE  grown  layers  and  are  easily  identified  under  an  optical  microscope. 

Key  words:  Double  layer  hetero structures,  focal  plane  array  (FPA),  HgCdTe, 
molecular  beam  epitaxy  (MBE),  p-n  photodiodes 


INTRODUCTION 

Current  and  future  infrared  imaging  applications 
require  producible,  high  performance  photovoltaic 
HgCdTe  focal  plane  arrays  (FPAs)  operating  in  the 
short  wavelength  (SWIR;  1-3  pm),  middle  wave¬ 
length  (MWIR;  3-5  pm),  middle-long  wavelength 
(MLWIR;  6-8  pm),  long  wavelength  (LWIR;  8-14  pm) 
and  very-long  wavelength  (VLWIR;  14-30  pm)  infra¬ 
red  regions.  A  common  technological  approach  that 
allows  flexible  manufacturing  of  all  or  most  HgCdTe 
IR  imaging  FPAs  is  therefore  desirable.  One  such 
approach  being  pursued  is  to  develop  molecular  beam 
epitaxy  (MBE)  HgCdTe  growth  technology  for  the 
fabrication  of  planar  p-on-n  heterostructure  photo¬ 
diode  arrays. 


(Received  November  1,  1994;  revised  April  17,  1995) 


The  MBE  technology  offers  flexibility  in  band  gap 
control,  in  situ  monitoring,  simplicity  of  the  process, 
and  adaptability  to  automation.  These  attributes  are 
being  exploited  to  improve  the  manufacturability  of 
conventional  HgCdTe  FPAs  and  to  develop  advanced 
HgCdTe  devices.1  The  MBE  growth  technology  is  well 
suited  for  in  situ  multilayer  growth  for  the  fabrication 
of  high  quality  buried  planar  heterostructure  devices. 
The  postulated  advantage  of  a  buried  planar  hetero¬ 
structure  device  technology  is  that  it  makes  the  ex 
situ  passivation  step  less  critical  compared  to  the 
conventional  mesa  technology  because  the  junction 
interface  is  buried.2  Indeed,  MBE  has  yielded  high 
performance  p-on-n  buried  planar  heterostructure 
diodes  and  infrared  focal  plane  arrays  (IRFPAs).3 
Fabrication  of  high  performance  photodiodes  and 
FPAs  for  infrared  detection  in  the  SWIR,  MWIR, 
MLWIR,  and  LWIR  spectral  bands,  operating  under 
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Fig.  1.  Reproducibility  in  composition  ‘x’  of  sequentially  grown  MBE 
LW1R  Hg^CdJe  epilayers. 


Fig.  2.  Cd  composition  x  for  a  series  of  SWIR,  MWIR,  and  LW1R 
HgCdTe  MBE  layers  grown  sequentially  to  demonstrate  the  com¬ 
position  control  flexibility  inherent  to  MBE  technology. 


high  and  low  background  conditions,  attests  to  the 
flexibility  of  MBE  technology  to  fulfill  the  needs  of 
infrared  detection  applications  over  a  broad  spectral 
range. 

The  focus  of  this  paper  is  to  demonstrate  control  of 
MBE  HgCdTe  growth  conditions,  leading  to  re¬ 
producibility  of  desired  materials  characteristics  and 
device  performance  parameters.  Extensive  material, 
device,  and  focal  plane  array  reproducibility  data  are 
presented  to  demonstrate  significant  advances  made 
in  the  MBE  HgCdTe  technology. 

MATERIALS  GROWTH  AND 
CHARACTERISTICS 

All  HgCdTe  layers  were  grown  in  a  commercially 
available  MBE  system  manufactured  by  Riber  (2300 
R&D  model).  All  layers  were  grown  directly  on  near 
lattice  matched  (211)B-oriented  CdZnTe  substrates, 
purchased  from  Nimic,  Inc.  The  (211)  surface  orienta¬ 
tion  was  chosen  as  it  has  been  demonstrated  to  yield 
smooth  morphology  and  high  performance  photo¬ 
diodes  A5  The  samples  were  grown  at  low  temperature 
(185-190°C)  to  provide  epitaxial  quality  interfaces. 


The  surface  temperature  was  monitored  by  an  infra¬ 
red  pyrometer.  The  growth  was  carried  out  using 
effusive  sources  that  contained  Hg,  Te2,  and  CdTe. 
The  band  gap  was  controlled  by  the  CdTe  source 
temperature,  while  maintaining  the  Hg  and  Te  fluxes 
constant.  The  beam  fluxes  (beam  equivalent  pres¬ 
sure)  for  Hg  and  Te2  sources  were  7  x  10-5  Torr  and 
1  x  10“6  Torr,  respectively.  The  CdTe  flux  was  in  the 
10-7  Torr  range  and  varied  depending  on  the  Cd  (x) 
concentration  of  the  HglxCdxTe  grown  epilayer.  These 
fluxes  were  measured  with  a  nude  ion  gauge  in  the 
growth  position  and  corrected  for  atomic  and  molecu¬ 
lar  weight  and  ionization  efficiency.  Under  these 
conditions,  growth  rates  are  in  the  range  of  3-4  pm/h. 
The  optimum  Hg/Te2  flux  ratio  necessary  to  maintain 
monocrystalline  HgCdTe  growth  was  determined  by 
using  in  situ  reflection  high-energy  electron  diffrac¬ 
tion  (RHEED)  analysis. 

The  in  situ  grown  double  layer  structure  consisted 
of  an  indium-doped  active  narrow  bandgap  “base” 
layer  and  a  wider  bandgap  “cap”  layer.  This  double 
layer  was  terminated  with  a  thin  (500A)  CdTe  layer 
for  surface  protection.  The  choice  of  this  structure  was 
dictated  by  the  device  design  described  in  the  next 
section.  The  n-type  base  HgCdTe  layers  were  typi¬ 
cally  7-10  pm  thick  and  doped  with  indium  at  a  level 
of  1-3  x  1015  cm-3,  while  the  wider  band  gap  cap  layer 
was  typically  0.5  pm  thick  and  not  intentionally 
doped. 

The  characteristics  which  directly  affect  the  perfor¬ 
mance  of  devices  fabricated  on  these  materials  are  the 
Cd  composition  x  and  hence  the  bandgap,  layer  thick¬ 
ness,  transport  characteristics  (electron  concentra¬ 
tion  and  mobility)  of  the  In-doped  base  layer,  disloca¬ 
tion  density,  and  macroscopic  defect  density.  A  statis¬ 
tical  database  for  these  properties  for  LWIR  HgCdTe 
epilayers  was  generated  to  assess  the  reproducibility 
and  control. 

Figure  1  shows  run-to-run  reproducibility  of  the  Cd 
composition  “x”  for  several  consecutively  grown  LWIR 
HgCdTe  layers.  The  composition  of  the  epilayers  was 
determined  from  the  room-temperature  F ourier  trans¬ 
form  infrared  (FTIR)  transmission  spectra  measured 
at  the  center  of  2  x  3  cm  wafers.  An  average  x  value  of 
0.224  was  obtained,  with  a  standard  deviation  of 
0.0032.  More  importantly,  the  standard  deviation  for 
the  last  25  layers  is  0.002.  Spatial  uniformity  of 
composition  was  measured  for  several  wafers.  For  a 
typical  2  x  3  cm  sample,  the  ratio  of  the  standard 
direction  to  the  mean  value  was  measured  at  0.002/ 
0.22  =  0.009. 

An  important  attribute  of  MBE  growth  technology 
is  its  ability  to  modify  the  band  gap  from  run  to  run. 
This  is  illustrated  in  Fig.  2,  where  series  of  LWIR, 
SWIR,  and  MWIR  layers  were  sequentially  grown  to 
demonstrate  the  composition  control  flexibility  inher¬ 
ent  in  this  technology. 

Run-to-run  control  of  layer  thickness  is  illustrated 
in  Fig.  3.  As  seen  in  Fig.  3,  the  thickness  control  in 
MBE  growth  is  excellent.  The  mean  and  median 
thickness  values  were  measured  at  8.29  and  8.3  pm, 
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respectively.  The  ratio  of  the  standard  deviation  to 
the  mean  value  was  calculated  to  be  0.06. 

Control  of  the  n-type  doping  of  the  base  layer  was 
verified  for  a  set  of  45  consecutive  growth  runs  aimed 
at  obtaining  a  donor  concentration  (ND  -  NA)  in  the 
range  of  1.5  x  1015  cm-3  to  4  x  1015  cnr3.  Hall  effect 
measurements  were  performed  at  2  KG  on  epilayers 
subjected  to  a  standard  annealing  process,  carried  out 
under  saturated  Hg  conditions  at  250°C  for  24  h,  to 
annihilate  the  Hg-vacancies  introduced  during growth. 
The  results  illustrated  in  Fig.  4  yielded  a  mean  ND  - 
Na  value  of  2.7  x  1015  cm-3  with  a  standard  deviation 
to  mean  value  ratio  of  0.3.  Figure  5  shows  77K  elec¬ 
tron  Hall  mobility  for  the  same  samples.  A  mean 
electron  mobility  value  of  8.3  x  104  cmW-s  with  a 
standard  deviation  to  mean  value  ratio  of  0.2  was 
obtained. 

Dislocation  density  (EPD)  of  the  epilayers  was 
measured  because  it  is  well-known  to  be  important  to 
the  performance  of  LWIR  photodiodes.6  The  EPD 
values  were  obtained  using  the  HNOs/  K2Cr207/HCl  / 
H20  chemical  solution  to  develop  the  pits.7  Typical 
EPD  values  for  MBE  epilayers  grown  under  opti¬ 
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Fig.  3.  Layer  thickness  as  a  function  of  growth  run  number  for  a  series 
of  sequentially  grown  MBE  LWIR  HgCdTe. 
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Fig.  4.  Carrier  concentration  at  77K  as  a  function  of  growth  run  number 
for  a  series  of  sequentially  grown  n-type  MBE  LWIR  HgCdTe  base 
layers.  The  layers  were  in  situ  doped  using  indium  atoms. 


mized  conditions  are  in  the  104-106  cm-2  range.  Figure 
6  shows  EPD  values  obtained  for  successively  grown 
layers.  A  median  EPD  value  of  2  x  105  cnr2  was 
determined  from  these  runs.  A  standard  deviation  to 
mean  value  ratio  of  2.9  was  obtained.  From  a  device 
processing  standpoint,  required  EPD  values  are  lower 
than  5  x  105cm2.  As  can  be  seen  in  the  figure,  76%  of 
the  layers  meet  this  criterion.  Even  though  the  varia¬ 
tions  of  EPD  reported  here  are  comparable  to  those 
values  obtained  with  liquid  phase  epitaxially  (LPE) 
grown  material,8  further  studies  are  needed  to  under¬ 
stand  and  reduce  the  sources  responsible  for  the 
observed  variations. 

The  presence  of  growth-induced  void  defects  has 
been  reported  to  be  detrimental  to  HgCdTe  photovol¬ 
taic  devices.9  Reducing  the  concentration  of  these 
killer  defects  in  the  MBE  epilayers  is  important  to 
improve  focal  plane  array  operability.10  Figure  7  shows 
a  plot  of  layer  void  defect  concentration  as  a  function 
of  growth  run  for  the  last  77  layers  grown  in  the  MBE 
system.  The  concentration  of  void  defects  for  the  first 
47  epilayers  was  in  the  102-1Q4  cnr2  range,  having  a 
mean  value  of  2. 4  x  103  cm-2  and  a  standard  deviation 
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Fig.  5.  Electron  mobility  in  n-type  MBE  LWIR  HgCdTe  for  a  series  of 
sequentially  grown  epilayers. 
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Fig.  6.  Etch  pit  density  as  a  function  of  growth  run  number  for  a  series 
of  sequentially  grown  MBE  LWIR  HgCdTe  epilayers. 
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Fig.  7.  Growth  induced  void  defect  density  as  a  function  of  growth  run 
number  for  a  series  of  sequentially  grown  MBE  LWIR  HgCdTe 
epi  layers. 
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Fig.  9.  Typical  arsenic  and  tellurium  SIMS  profiles  for  a  p-on-n  planar 
Hg073Cd027Te/Hg0  65Cd0  35Te  heterostructure  device  grown  by  MBE  on 
a  CdZnTe  substrate. 

to  mean  ratio  of  1.3.  Avoid  density  of  1  x  103crrr2will 
lead  to  128  x  128  FPAs  (50  pm  center-to-center 
spacing)  with  operabilities  greater  than  97.5%,  as¬ 
suming  each  void  defect  gives  one  bad  pixel. 

Several  experiments  were  carried  out  to  under¬ 
stand  the  formation  of  void  defects.  A  one-to-one 
correlation  between  the  presence  of  surface  particles 
on  the  CdZnTe  substrate  and  the  formation  of  a  void 
defect  on  the  grown  HgCdTe  epilayer  was  estab¬ 
lished.  Once  the  source  of  formation  of  void  defects 


was  tracked  to  particles  present  on  the  surface  of  the 
substrate,  the  next  step  was  to  find  the  nature  of  such 
particles.  A  simple  experiment  using  ultrasonic  clean¬ 
ing  was  sufficient  to  demonstrate  that  the  particles 
were  not  chemically  bound.  Finally,  the  as-received 
substrates  were  observed  to  have  particle  densities 
much  lower  (<300  cm-2)  than  the  values  observed 
after  preparing  the  substrates  for  epitaxial  growth. 
The  source  that  was  generating  the  dust  particles  was 
determined  and  reduced.  As  a  result  of  improvements 
in  sample  preparation  techniques,  for  the  last  30 
growth  runs,  the  yield  of  layers  that  met  the  void 
defect  specification  improved  to  a  value  of  87%.  These 
results  are  illustrated  in  Fig.  7.  The  median  void 
concentration  value  for  these  runs  was  520  cm-2;  the 
standard  deviation  to  mean  value  ratio  was  0.7. 

DIODE  STRUCTURE  AND  PERFORMANCE 
CHARACTERIZATION 

Figure  8  is  a  schematic  illustration  of  the  buried 
planar  HgCdTe  diode  heterostructure.  The  in  situ 
grown  double  layer  structure  consisted  of  an  indium- 
doped  active  narrow  bandgap  “base”  layer  and  a  wider 
bandgap  “cap”  layer.  This  double  layer  was  termi¬ 
nated  with  a  thin  (50QA)  CdTe  layer  for  surface 
protection.  The  n-type  base  HgCdTe  layers  were  typi¬ 
cally  7-10  pm  thick  and  doped  with  indium  at  a  level 
of  1-3  x  1015  cm-3,  while  the  wider  band  gap  cap  layer 
was  typically  0.5  pm  thick  and  not  intentionally 
doped.  The  formation  of  planar  p-on-n  photodiodes 
was  achieved  by  selective  area  arsenic  (As)  ion-im¬ 
plantation  through  the  cap  layer  into  the  narrow  gap 
base  layer,  using  a  beam  energy  of  350  KeV  and  the 
ion  dose  of  1  x  1014  cm-2.  The  implantation  step  was 
followed  by  a  two-step  thermal  anneal  under  Hg 
overpressure.11 

The  first  anneal  at  ~436°C  in  Hg  vapor  activated 
the  dopant  by  substituting  arsenic  atoms  on  the  Te 
sublattice  and  diffused  the  arsenic  into  the  base  layer 
to  form  a  homojunction  in  the  active  layer.  The  second 
anneal  at  250°C,  performed  immediately  after  the 
high  temperature  anneal,  annihilated  the  Hg  vacan¬ 
cies  formed  in  the  HgCdTe  lattice  during  growth  and 
high  temperature  annealing  step.  An  approximately 
0.7  pm  thick  polycrystalline  CdTe  layer  deposited  at 
85°C  in  the  MBE  system  provided  the  device  passiva¬ 
tion. 

Figure  9  illustrates  the  position  of  the  electrical  p- 
n  junction  with  respect  to  the  metallurgical  composi¬ 
tion  junction  of  the  heterostructure.  Secondary  ion 
mass  spectroscopy  (SIMS)  measurements  were  made 
on  samples  already  subjected  to  the  two-step  anneal¬ 
ing  process.  Figure  9  shows  the  depth  profiles  of  Te, 
As,  and  In  obtained  on  a  typical  MLWIR  sample.  The 
Te  yield  in  SIMS  reflects  the  changes  in  concentration 
of  the  matrix  elements  Hg  and  Cd  so  accurately  that 
the  Te  yield  curve  can  be  interpreted  as  a  scaled  plot 
of  the  energy  gap  (or  Cd  (x)  composition  in  the 
HglxCdxTe  alloy)  as  a  function  of  depth.12  As  illus¬ 
trated  in  this  figure,  the  arsenic  and  indium  levels 
come  together  to  form  the  electrical  junction  at  a 
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depth  of  approximately  0.9pm  from  the  surface.  With 
the  depletion  width  approximately  0.4  pm,  the  edge  of 
the  depletion  region  resides  well  into  the  base  layer, 
forming  a  homojunction  in  the  narrow  bandgap  active 
layer. 

Figure  10  is  a  summary  of  the  performance  data  on 
devices  with  varying  cut-off  wavelengths.  The  me¬ 
dian  R0A  product  values  are  plotted  against  the  device 
cutoff  wavelength  at  77K  for  the  diode  test  arrays 
operating  in  the  LWIR  and  MLWIR  spectral  region. 
All  the  device  R0A  data  were  measured  under  zero 
background,  and  the  area  (A)  used  was  the  device 
junction  area.  The  device  data  were  obtained  measur¬ 
ing  devices  with  junction  areas  of  50  x  50  pm2,  which 
are  typical  device  sizes  in  HgCdTe  photovoltaic  focal 
plane  arrays.  The  number  of  devices  measured  per 
test  array  was  usually  60.  The  solid  curve  is  the  result 
of  a  one-dimensional  theoretical  calculation  based  on 
diffusion  current  from  the  n-side  only,  using  ND  -  NA 
=  3  x  1015  cm-3  and  Auger-limited  minority  carrier 
lifetime.  These  MBE  diode  results  match  those  ob¬ 
tained  using  devices  fabricated  by  LPE. 13,14  Details  of 
device  performance  data  in  the  LWIR,  the  MLWIR 
and  the  MWIR  spectral  bands  are  given  below. 

LWIR  HgCdTe  Photodiode  Performance 
Characteristics 

Table  I  summarizes  some  of  the  recent  LWIR  device 
results.  Eighteen  layers  with  77K  \o  in  the  9.8  to  11.5 
pm  range  were  processed  into  devices  and  tested.  A 
variable  area  mask-set  was  used  to  fabricate  test 
diodes  with  areas  of  1.3  x  10_5(36x  36  pm),  1.3  x  1(H 
(115  x  115pm), and2.0  x  10-3(450  x  450 pm)cm2. Off- 
active  area  contacts  were  used  to  exclude  the  possibil¬ 
ity  of  bonding-damage-induced  effects.  The  spectral 
response  for  the  devices  was  measured  with  a  Nicolet 
Fourier  transform  infrared  spectrometer;  the  50% 


Device  cut-off  wavelength  (urn) 


Fig.  1 0.  Median  R0A  product  plotted  against  the  cutoff  wavelength  (at 
zero  background)  measured  at  77K  for  numerous  LWIR  and  MLWIR 
p-on-n  diode  test  arrays  made  by  MBE.  The  number  of  devices 
measured  per  test  array  was  usually  60.  The  data  follow  the  solid  curve 
which  is  the  result  of  an  R0A  calculation  based  on  the  ideal  diode 
equation  and  Auger-limited  minority  carrier  lifetime. 


The  77K  spectral  response  for  these  devices  was 
broadband.  Backside-illuminated  quantum  efficiency 
(QE)  of  these  diodes,  without  antireflection  coating, 
was  measured  at  zero  bias  on  a  random  sampling  of 
the  diodes,  using  a  standard  blackbody  source,  a 
focused  spot,  a  narrow  bandpass  filter,  and  phase 
sensitive  detection  techniques.  Most  devices  at  77K 
had  QE  values  in  the  60  to  75%  range.  Current- 
voltage  (I-V)  characteristics  were  measured  at  77K 
for  several  diodes  of  each  area  and  analyzed  to  deter¬ 
mine  bulk  and  surface  limitations.  Variable  tempera¬ 
ture  measurements  ranging  from  10  to  280K  were 
performed  on  a  subset  of  diodes  to  determine  the 
dominant  current  limiting  mechanisms. 

Figure  11  shows  80  and  40KR0A  cumulative  distri¬ 
bution  functions  of  an  LWIR  (A,co=  10.0  pm  at  80K) 
diode  array  made  with  layer  685.  Mean  and  median 
device  R0A  values  of  186  and  192  Q-cm2  were  obtained 


Table  I.  Summary  of  MBE-LWIR 
Test  Diodes  Data  At  77K 


Mean 

Median 

R„A 

R(A 

Sple. 

\,0(pm) 

QE  (%) 

(O-cm2) 

(tl-cm2) 

637 

10.6 

70 

108 

104 

638 

10.7 

71 

84 

80 

648 

10.5 

60 

80 

84 

649 

10.0 

76 

176 

210 

658 

9.8 

74 

172 

197 

659 

10.1 

64 

139 

164 

660 

10.3 

70 

73 

76 

661 

10.7 

70 

72 

70 

663 

11.3 

75 

9 

9 

664 

10.4 

— 

17 

18 

666 

10.3 

— 

19 

19 

677 

10.9 

73 

16 

16 

678 

10.3 

55 

62 

70 

679 

11.5 

75 

11 

11 

683 

11.3 

75 

33 

25 
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74 
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Fig.  1 1 .  R0A  cumulative  distribution  plot  for  MBE-LWIR  (Xco=1 0  pm  @ 
77K)  p-on-n  HgCdTe  diodes  at  80  and  40K. 
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.  13.  R0A  dependence  on  reciprocal  temperature  for  several  MBE- 
IR  p-on-n  photodiodes. 


at  80K.  The  devices  exhibit  excellent  R0A  uniformity 
(only  one  diode  was  poor).  At  4QK,  even  though  device 
uniformity  needs  further  improvement,  the  overall 
performance  is  state-of-the-art.  For  example,  mean 
R0A  value  of  5.2  x  106  Q-cm2  was  achieved  for  these 
LWIR  ( Xco  =11.2  pm  at  40K)  devices  at  40K.  The  figure 
also  shows  90%  of  the  devices  have  R0A  values  above 
lxlQ5Q-cm2. 

Figure  12  illustrates  detailed  current- voltage  (I-V) 
and  dynamic  impedance  area-voltage  (RA-V)  diode 
characteristics  at  77  and  40K  for  a  device  made  with 
layer  685.  At  77K,  the  device  dark  currents  are  diffu¬ 
sion-limited,  and  dynamic  RA  products  for  the  diodes 
reach  values  of  104-1Q5  fl-cm2  at  an  applied  reverse 
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Fig.  1 4.  R0A  cumulative  distribution  functions  plot  for  MLW1R  (Xco  =  6.8 
urn)  diodes  at  77K.  Device  junction  areas  are  36  x  36, 1 1 5  x  1 15,  and 
450  x  450  urn2. 


bias  of  50  mV.  To  determine  the  mechanisms  control¬ 
ling  the  device  leakage  currents,  the  I-V  characteris¬ 
tics  were  measured  as  a  function  of  temperature. 

Figure  13  illustrates  the  temperature  dependence 
of  the  resistance  area  (R0A)  product  for  several  LWIR 
planar  devices.  For  operating  temperatures  above 
58K,  the  device  R0A  products  are  limited  by  diffusion 
dark  current  processes.  For  temperatures  below  58K, 
the  R0A  products  still  increase  but  more  gradually, 
and  the  observed  dependence  is  less  temperature 
sensitive  than  expected  for  generation-recombina¬ 
tion  currents.  At  40K,  the  detailed  analysis  of  the  I-V 
characteristics  over  a  broad  range  of  voltages  sug¬ 
gests  that  the  dark  currents  consist  of  a  mixture  of 
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diffusion,  generation-recombination,  and  tunneling 
currents. 

MLWIR  HgCdTe  Photodiode  Performance 
Characteristics 

For  the  MLWIR  spectral  band  too,  the  variable  area 
mask-set  described  above  was  used  to  fabricate  test 
diodes  with  off-active  area  contacts.  Current-voltage 
characteristics  were  measured  at  77K  for  several 
diodes  of  each  area  and  analyzed  to  determine  bulk 
and  surface  limitations.  Variable  temperature  mea¬ 
surements  ranging  from  10  to  280K  were  performed 
on  a  subset  of  diodes  to  determine  the  dominant 
current  limiting  mechanisms. 

The  performance  of  variable  area  test  diodes  fabri¬ 
cated  on  a  representative  MLWIR  (#608,  Xco  =  6.8  pm 
at  77K)  sample  is  illustrated  in  Fig.  14.  The  figure 
shows  a  cumulative  distribution  plot  of  R0A  values  for 
the  three  diode  areas,  measured  at  77K  under  zero 
background  flux  conditions.  For  each  area,  the  diodes 
are  ranked  according  to  increasing  R0A.  With  increas¬ 
ing  area,  the  R0A  values  either  show  no  change, 
indicating  minimal  surface  limitation;  or  show  a  de¬ 
crease,  indicating  scattered  localized  defects.  For  the 
smaller,  36  x  36  pm  devices  typically  used  for  focal 
plane  arrays,  the  mean  and  median  R0A  values  of 


1000/T  (K'1) 


b 

Fig.  15.  R0 A  dependence  on  reciprocal  temperature  for  several  MLWIR 
p-on-n  planar  photodiodes.  Device  junction  areas  are  36  x  36, 
115  x  115,  and  450  x  450  gm2. 
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7.2  x  105  and  7  x  105  Q-cm2  were  obtained.  The 
quantum  efficiency  values  for  these  diodes  were  mea¬ 
sured  at  72%. 

To  assess  the  mechanisms  controlling  the  device 
leakage  currents  at  a  given  temperature,  I-V  charac¬ 
teristics  were  measured  as  a  function  of  temperature. 
Figure  15a  illustrates  the  temperature  dependence  of 
the  R0A  product  for  MLWIR  (layer  #608)  planar  de¬ 
vices  of  three  junction  areas.  At  temperatures  below 
80K,  tunneling  mechanisms  dominate  the  dark  cur¬ 
rent  generation.  At  higher  temperatures,  the  R0A 
products  are  diffusion  current  limited,  as  illustrated 
in  Fig.  15b,  which  shows  details  of  the  temperature 
dependence  at  higher  temperatures.  The  solid  line 
represents  diffusion-limited  theoretical  R0A  values 
obtained  from  one-dimensional  calculations  based  on 
the  ideal  diode  equation.  The  current  contribution 
from  only  the  n-side  was  incorporated  using  mea¬ 
sured  Nd  -  Na  =  2  x  1015  cm'3,  measured  layer  thick¬ 
ness  and  Auger-limited  minority  carrier  lifetime. 
Above  100K,  a  good  agreement  between  the  experi¬ 
mental  and  theoretical  data  indicates  that  the  device 
R0A  products  are  limited  by  diffusion  dark  current 
processes.  At  these  temperatures  (T  >  80K)  of  opera- 


Table  II.  Summary  of  MBE -MLWIR 
Test  Diodes  Data 


No. 

Wjim) 

@65K 

QE  (%) 

@  65K 

Mean 
@  77K 

Median 
R„A  @  77K 

586 

6.5 

72  (77K) 

1.1  E5 

9.2  E4 

589 

6.3 

72  (77K) 

7.9  E6 

5.3  E6 

604 

6.3 

51 

9.5  E5 

1.8  E5 

601 

6.9 

67 

3.2  E5 

1.1  E5 

567 

6.49 

64 

2.0  E6 

2.2  E6 

567 

6.48 

63 

1.2  E6 

1.3  E6 

597 

7.6 

72 

7.4  E4 

8.2  E4 

606 

6.4 

70 

4.2  E6 

4.1  E6 

607 

6.2 

65 

3.3  E6 

2.3  E6 

608 

6.97 

73 

7.2  E5 

7.0  E5 
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6.87 

69 

2.7  E5 

2.7  E5 
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7.3 

55 

2.7  E4 

2.2  E4 
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6.5 

63 

2.8  E5 

2.8  E5 
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7.0 

60 

9.0  E4 
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Fig.  16 .  R0A  cumulative  distribution  plot  forMWIR(Xco=5.1  pmjdiodes 
at77and110K.  Device  junction  area  is  9.0  x  lO^cm2. 
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tion,  the  data  also  show  no  R0A  area  dependence, 
which  is  a  clear  indication  that  the  passivated  planar 
devices  are  not  surface  limited. 

Table  II  is  a  summary  of  the  electrical  and  optical 
data  obtained  from  test  diodes  fabricated  on  12  differ¬ 
ent  MLWIR  layers,  illustrating  the  producibility  of 
MBE  MLWIR  HgCdTe  detectors.  This  data  is  in¬ 
cluded  in  Fig.  10  which  shows  median  R0A  at  77K 
plotted  against  the  cutoff  wavelength,  for  both  the 
MLWIR  and  the  LWIR  bands.  Figure  10  also  shows 
the  maximum  theoretically  expected  R0A  value  at 
77K  for  each  wavelength. 


MWIR  HgCdTe  Photodiode  Performance 
Characteristics 

The  database  for  p/n  photodiodes  operating  in  the 
MWIR  region  is  not  as  extensive  as  the  LWIR  or  the 
MLWIR  band.  However,  the  early  data  on  MBE  MWIR 
photodiodes  show  high  performance  as  illustrated  in 
Fig.  16.  This  figure  shows  cumulative  distribution 
plots  of  R0A  values  for  36  x  36  pm  photodiodes  mea¬ 
sured  at  77  and  110K  under  zero  background  flux 
conditions.  The  diodes  are  ranked  according  to  in¬ 
creasing  R0A  at  11  OK.  The  median  R0A  values  at  110 
and  77K  were  measured  at  5.9  x  104  Q-cm2  and 


5x1 010  7.4x1010  9.8X1010  1.2X1011  1.4X1011  I.SxlO11  1.8X1011 


D*  (cm  VHz  /  W) 


2.9  x  106  I2-cm2,  respectively.  The  quantum  efficiency 
for  these  devices  measured  at  3.55  pm  was  72%  at 
77K. 

HYBRID  FOCAL  PLANE  ARRAYS 

The  planar  MBE  HgCdTe  technology  has  been 
further  validated  with  the  successful  fabrication  and 
operation  of  hybrid  FPAs.  Several  128  x  128  LWIR 
FPA  hybrids  have  been  fabricated  and  fully  tested. 
The  FPAs  with  devices  on  60  pm  centers  were  hybrid¬ 
ized  to  a  128  x  128  complementary  metal  oxide  semi¬ 
conductor  electronically  scanned  buffered  direct  in¬ 
jection  (ESBDI)  multiplexer  having  low  input  imped¬ 
ance  and  low  input  offset  nonuniformity.15  The  hy¬ 
brids  were  tested  at  78  and  90K  using  a  broadband 
tactical  IR  background  environment  of  4. 2  x  1016ph/ 


Fig.  1 8.  Histograms  of  (a)  quantum  efficiency  and  (b)  D*  for  a  64  x  64  MBE  MLWIR  (\  =  6.4  urn  at  77K)  HgCdTe  hybrid  FPA  tested  at  77K  under 
a  background  of  2  x  1012  photons/cm2-s. 
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BLIP  limited  at  78K  with  a  mean  detectivity  ( D *) 
value  of  1.28  x  10ncmHz1/2/W(Fig.  17)  when  tested  at 
an  integration  time  of  62  gs.  The  pixel  operability, 
here  defined  as  the  yield  of  pixels  having  D*  higher 
than  1/2  of  the  mean  value,  was  97.7%.  The  mean 
NEAT  (70%  optical  transmission)  was  measured  at 
5.9  mK  when  tested  at  a  60  Hz  frame  rate.  Worst  case 
residual  nonuniformity  was  less  than  0.017%  with 
broadband,  unfiltered  radiation.  Use  of  a  cooled  spec¬ 
tral  filter  to  eliminate  the  uncorrectable  nonuniformity 
induced  by  detector  cutoff  variation  reduced  the  re¬ 
sidual  nonuniformity  to  well  below  0.01%. 

64  x  64  focal  plane  arrays  with  devices  on  36  pm 
centers  were  fabricated  on  several  MLWIR  samples 
and  hybridized  with  indium  bumps  to  CMOS  multi¬ 
plexers  with  CTIA  input  circuit  having  low  input 
impedance  and  low  input  offset  nonuniformity.  An 
example  of  the  performance  of  the  hybrid  FPAs  is 
shown  in  Fig  18.  The  cut  off  wavelength  of  the  hybrid 
fabricated  on  layer  #567  was  6.4  pm  at  77K.  The  mean 
quantum  efficiency  at  77K  was  measured  at  77.4% 
(Fig.  18a)  and  the  mean  detectivity  (D*)  of  this  device 
(Fig.  18b)  was  measured  at  1  x  1013  cmHz1/2/W  at  the 
tested  background  of  2  x  1012  photons/cm2-s.  This 
mean  D*  corresponds  to  80%  of  the  BLIP  limited 
value.  The  pixel  D*  operability  was  measured  at  93%. 
This  operability  includes  all  pixels  that  have  the  D* 
values  within  the  ±0.5  mean  D*  range. 

SUMMARY  AND  CONCLUSIONS 

An  extensive  material  and  device  performance  re¬ 
producibility  database  is  presented  to  demonstrate 
the  status  of  MBE-based  HgCdTe  growth  technology 
for  infrared  detection  applications.  Over  50  LWIR 
HgCdTe  multilayer  structures  were  grown  and  char¬ 
acterized  to  generate  the  database  on  the  reproduc¬ 
ibility  of  band  gap,  growth  rate,  thickness,  carrier 
concentration,  electron  Hall  mobility,  void  defect  den¬ 
sity,  and  etch  pit  density.  A  summary  of  the  material 
reproducibility  data  is  given  in  Table  III. 

Among  the  most  significant  material  reproducibility 
highlights  achieved  are  improvements  in  composition 
reproducibility  and  reduction  of  growth-induced  void 
defects.  Most  recent  results  show  that  the  standard 
deviation  of  the  LWIR  HgCdTe  bandgap  has  been 
reduced  to  0.0020.  As  a  result  of  this  improvement, 
the  yield  of  layers  that  meet  the  composition  specifi¬ 
cations  has  increased  to  90%.  Reproducibility  of  layer 
thickness,  carrier  concentration,  and  mobility  are 
also  excellent.  Significant  improvements  have  been 
made  in  reducing  the  concentration  of  growth-in¬ 
duced  void  killer  defects,  from  an  initial  mean  repro¬ 
ducibility  value  of  2. 4  x  103  cm-2  down  to  a  mean  value 
of  5.2  x  102  cnr2.  Even  though  the  variations  of  EPD 
reported  in  the  MBE  layers  are  comparable  to  those 
values  obtained  with  LPE  grown  material,  further 
studies  are  needed  to  reduce  the  observed  variations. 

The  data  presented  for  MBE  LWIR  p-on-n  diode 
test  arrays  show  median  R0A  and  QE  values  at  77K 
that  match  those  of  state-of-the-art  p-on-n  double 
heterostructure  photodiodes  made  by  LPE.  Analysis 


of  the  current- voltage  characteristics  of  LWIR  and 
MLWIR  photodiodes  as  a  function  of  temperature 
showed  that  their  dark  currents  are  diffusion-limited 
at  temperatures  above  60  and  80K,  respectively. 
Under  the  operating  temperatures  required  for  low 
background  applications,  however,  the  device’s  dark 
currents  are  dominated  by  tunneling  currents  most 
likely  induced  by  defects.  We  must  resolve  the  nature 
of  these  currents,  identify  their  origin,  and  imple¬ 
ment  appropriate  growth  and  processing  changes  to 
minimize  their  contribution.  Due  to  the  special  atten¬ 
tion  given  to  understanding  and  reducing  epilayer 
growth-induced  void  defects,  FPA  operability  has 
increased  from  92  to  98%,  by  reducing  the  density  of 
such  void  defects  below  1,000  cm-2.  A  128  x  128  FPA 
showed  D*  background  limited  performance  when 
operating  at  80K  in  a  tactical  background  environ¬ 
ment.  Mean  D*  was  1.28  x  1011  cmHz1/2/W,  and  the 
corresponding  mean  NEAT  was  an  excellent  5.9  mK. 
For  the  more  demanding  low  background  imaging 
applications  in  the  MLWIR  (6-8  pm)  spectral  band, 
the  R0A  device  values  were  high  and  uniform,  as 
evidenced  by  both  the  test  diode  data  and  the  64  x  64 
hybrid  data.  Further  progress  is  needed  to  achieve 
higher  device  operability  and  yield.  The  limitations, 
not  unique  to  the  MBE  technology,  can  be  addressed 
by  further  improvement  studies  on  material  quality, 
substrate  quality,  and  device  processing  techniques. 

A  simplistic  look  at  the  cumulative  distribution  of 
diode  performance  divides  defects  into  two  broad 
categories  of  point  and  extended  defects.  These  two 
groups  of  defects  address  the  “common”  (higher  per- 


Table  III.  MBE  LWIR  HgCdTe 
Material  Reproducibility 


LWIR  Uniformity  (2  x 
[Std.  Dev.  (x)/Mean  (x)] 

3  cm  wafer) 

0.002  /  0.22  =  0.009 

LWIR  (x)  Repeatability 
(Last  25  LWIR  runs) 

Mean  =  0.225 

Median  =  0.226 

Std.  Dev.  =  0.002 

Std.  Dev./Mean  =  0.009 

Film  Thickness  (pm) 
(Last  53  layers) 

Mean  =  8.29 

Median  =  8.30 

Std.  Dev./Mean  =  0.06 

Carrier  Cone,  (cnr3) 
(Last  45  runs) 

Mean  =  2.77  x  1015 
Median  =  2.7  x  1015 
Std.  Dev./Mean  =  0.30 

77K  Mobility  (cm2/V-s) 
(Last  45  runs) 

Mean  =  8.3  x  104 
Median  =  8.5  x  104 

Std.  Dev./Mean  =  0.20 

Void  Defects  (cm-2) 
(Last  30  runs) 

Mean  =  617 

Median  =  520 

Std.  Dev./Mean  =  0.7 

Etch  Pit  Density  (cm-2) 
(Last  50  runs) 

Mean  =  4.8  x  105 
Median  =  2  x  105 

Std.  Dev./Mean  =  2.9 
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formance  population  with  a  tight  distribution)  popu¬ 
lation  and  the  “sport”  (lower  performance  population 
with  a  broad  distribution)  population,  respectively. 
The  extended  defects  responsible  for  the  “sport”  popu¬ 
lation  include  dislocations,  dislocation  clusters,  pre¬ 
cipitates,  impurity  clusters,  pin-holes,  and  voids.  These 
defects  lend  themselves  to  direct  observation  using  a 
variety  of  diagnostic  tools.  One  type  of  growth-in¬ 
duced  defect  observed  in  MBE  grown  HgCdTe  is 
easily  identified  under  optical  Nomarski  microscope 
inspection.  This  defect  has  been  referred  to  as  a  “void- 
defect”,  and  a  one-to-one  correlation  between  the 
presence  of  void  defect  and  the  performance  of  LWIR 
diodes  has  been  reported  earlier.  The  point  defects 
responsible  for  the  “common  population”  can  be  in¬ 
trinsic  or  extrinsic.  While  the  extrinsic  impurities  are 
relatively  easily  detected  using  chemical  analysis,  the 
intrinsic  native  defects  such  as  vacancies,  antisites, 
and  interstitials  do  not  lend  themselves  to  direct 
observation.  The  Hg  vacancies  have  been  demon¬ 
strated  to  exist  in  HgCdTe;  however,  interstitials  and 
antisite  defects  have  been  theoretically  predicted  in 
significant  quantities.16  The  presence  of  native  point 
defects  is  detected  inferentially;  e.g.,  by  measuring 
the  energy  levels  in  the  band  gap  that  are  associated 
with  these  defects,  and  comparing  them  with  the 
levels  predicted  by  theoretical  model  calculations.  An 
established  approach  to  measuring  the  energy  levels 
associated  with  these  defects  uses  deep  level  tran¬ 
sient  spectroscopy.17 

In  conclusion,  extensive  material,  device  and  FPA 
data  presented  show  significant  progress  achieved  by 
MBE  HgCdTe  growth  technology  for  infrared  applica¬ 
tions  in  the  LWIR  (8-12  pm),  MLWIR  (6-8  pm),  and 
MWIR  (4—6  pm)  spectral  regions. 
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We  report  new  results  on  metalorganic  chemical  vapor  deposition  (MOCVD)  in 
situ  growth  of  long  wavelength  infrared  (LWIR)  P-on-n  and  medium  wavelength 
infrared  (MWIR)  n-on-P  HgCdTe  heterojunction  photodiodes  using  the  interdif- 
fused  multilayer  process  (IMP).  The  n-type  regions  are  doped  with  iodine  using 
the  precursor  ethyl  iodide  (El).  I-doped  HgCdTe  using  El  has  mobilities  higher 
than  that  obtained  on  undoped  background  annealed  films  and  are  comparable 
to  LPE  grown  In-doped  HgCdTe.  The  p-type  layers  are  doped  with  arsenic  from 
either  tertiarybutylarsine  (TBAs)  or  a  new  precursor,  iris-dimethylaminoarsemc 
(DMAAs).  The  substrates  used  in  this  work  are  lattice  matched  CdZnTe  oriented 
(211)B  or  (100)4°— ><110>.  Junction  quality  was  assessed  by  fabricating  and 
characterizing  backside-illuminated  arrays  of  variable-area  circular  mesa  pho¬ 
todiodes.  This  paper  presents  four  new  results.  First,  carrier  lifetimes  measured 
at  80K  on  arsenic  doped  single  HgCdTe  layers  are  generally  longer  for  films 
doped  from  the  new  precursor  DMAAs  than  from  TBAs.  Second,  we  present  data 
on  the  first  P-on-n  HgCdTe  photodiodes  grown  in  situ  with  DMAAs  which  have 
R0A  products  limited  by  g-r  current  at  80K  for  Xc0  =  7-12  pm,  comparable  to  the 
best  R0A  products  we  have  achieved  with  TBAs.  Third,  we  report  the  first 
experimental  data  on  a  new  HgCdTe  device  architecture,  the  n-on-P 
heterojunction,  with  a  wide  gap  p-type  layer  which  allows  radiation  incident 
through  the  substrate  to  be  absorbed  in  a  narrower  gap  n-type  layer,  thereby 
eliminating  interface  recombination  effects.  With  the  n-on-P  architecture,  MWIR 
photodiodes  were  obtained  reproducibly  with  classical  spectral  response  shapes, 
high  quantum  efficiencies  (70—75%)  and  RqA  products  above  2  x  105  ohm-cm-for 
X  =  5.0  pm  at  80K.  Fourth,  we  report  40K  data  for  LWIR  P-on-n  HgCdTe 
heterojunction  photodiodes  (using  TBAs),  with  R0A  values  of  2  x  104  ohm-cm2  for 
Xco  =  11.7  pm  and  5  x  105  ohm-cm2  for  Xco  =  9.4  pm.  These  are  the  highest  R0A 
values  reported  to  date  for  LWIR  P-on-n  heterojunctions  grown  in  situ  by 
MOCVD. 

Key  words:  Doping,  heterojunctions,  HgCdTe,  metalorganic  chemical  vapor 
deposition  (MOCVD) 


INTRODUCTION 

The  development  of  metalorganic  chemical  vapor 
deposition  (MOCVD)  for  in  situ  growth  of  high  perfor¬ 
mance  HgCdTe  p-n  junction  photodiodes  is  necessary 
to  realize  the  benefits  of  this  flexible  and  production 
worthy  vapor  phase  growth  technology.  Due  to  the 
low  growth  temperatures  (normally  350-380°C), 
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MOCVD  of  HgCdTe  is  readily  amenable  to  bandgap 
engineering  allowing  the  growth  of  multilayer  struc¬ 
tures  which  are  required  for  multispectral  IR  detec¬ 
tors.  We  have  recently  demonstrated  that  alloy  com¬ 
positions  and  arsenic  doping  can  be  controlled  pre¬ 
cisely  and  independently  to  obtain  multiple  bandgap 
regions  with  abrupt  dopant  profiles.1,2  This  control  in 
composition  and  doping  was  used  to  demonstrate  the 
first  independently  accessed  p-n-N-P  back-to-back 
dual-band  IR  detectors  by  MOCVD  in  situ  growth.3 
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(In  this  paper,  we  use  the  convention  that  an  upper 
case  P  or  N  denotes  the  layer  of  wider  energy  bandgap . ) 
In  these  structures,  the  n-type  regions  were  undoped 
and  relied  on  the  background  donors  following  a  low 
temperature  Hg  anneal. 

For  improved  performance  of  p/n  junctions,  it  is 
necessary  that  the  n-type  regions  be  extrinsically 
doped  with  donor  impurities  which  can  also  be  abruptly 
switched  on  and  off.  Using  the  ethyl  iodide  (El)  pre¬ 
cursor  for  iodine,  we  have  achieved4  controlled  donor 
doping  in  the  range  of  7  x  1014-2  x  10 18  cm-3  without 
the  problems  of  memory  effect  observed  with  indium 
precursors5'7  or  isopropyl  iodide.8  Using  the  interdif- 
fused  multilayer  process  (IMP)  for  MOCVD  ofHgCdTe, 
we  have  reported  on  p-on-n  heterojunction  photodi¬ 
odes  grown  in  situ ,  where  an  arsenic  doped  layer  is 
grown  on  an  undoped,1  as  well  as  initial  data  on  iodine 
doped,  long  wavelength  infrared  (LWIR)  HgCdTe.2 
Arsenic  doping  in  these  studies  was  achieved  by  using 
the  precursor  tertiarybutylarsine  (TBAs).  Our  previ¬ 
ous  diode  data1  showed  well  behaved  characteristics 
with  classical  spectral  response  and  high  quantum 
efficiency  but  also  exhibited  leakage  currents  at  re¬ 
verse  bias  and  R0A  products  at  80K  which  are  below 
the  theoretically  predicted  limit  due  to  n-side  diffu¬ 
sion  current  mechanisms  alone.  Although  excellent 
control  in  arsenic  doping  in  the  range  of  2  x  1015- 
5  x  1017  cm-3  using  TBAs  was  achieved,  it  is  conceiv¬ 
able  that  the  dissociation  chemistry  of  TBAs  at  the 
low  MOCVD  growth  temperature  on  the  HgCdTe 
surface  introduces  undesirable  byproducts  such  as 
As-H  and  C  in  addition  to  the  As  atoms.  Acceptor 
complexes  and  unintended  impurities  have  the  po¬ 
tential  of  being  recombination  centers  in  the  deple¬ 
tion  region  of  the  p/n  junction  and  therefore  detrimen¬ 
tal  to  diode  performance.  The  use  of  alternate  As 
precursors  with  dissociation  chemistry  which  exclude 
the  possibility  of  formation  of  such  byproducts  is  thus 
desirable  to  explore. 

In  this  paper,  we  report  new  results  on  MOCVD- 
IMP  in  situ  grown  HgCdTe  photodiodes  with  arsenic 
and  iodine  doping  covering  the  LWIR  and  medium 
wavelength  infrared  (MWIR)  spectral  bands.  The 
LWIR  diodes  were  grown  in  the  standard  P-on-n 
heterojunction  configuration.  For  p-type  doping  in 
the  LWIR  heterojunctions,  TBAs  and  a  new  precursor 
for  As-doping  ofHgCdTe,  £r/s-dimethylaminoarsenic9 
(DMAAs)  was  used  for  the  first  time.  DMAAs  has 
several  favorable  properties  for  As-doping,  which 
includes  the  absence  of  any  As-H  bonds  and  a  low 
probability  of  C  incorporation  as  demonstrated  in 
metalorganic  molecular  beam  epitaxy  of  GaAs  and 
AIGaAs.10  DMAAs  undergoes  unimolecular  dissocia¬ 
tion  at  a  lower  temperature  (10%  at  350°C)n  and  has 
a  conveniently  low  vapor  pressure  at  ambient  tem¬ 
peratures.  In  their  study  of  homogeneously  doped  p- 
type  HgCdTe  layers  using  DMAAs,  Bevan  et  al.9  have 
shown  that  for  x  =  0.30,  HgCdTe  lifetimes  at  the 
radiative  limit  can  be  obtained.  Here  we  compare  the 
lifetimes  of  homogeneously  doped  single  layer  p-type 
films  as  well  as  the  performance  of  LWIR  hetero¬ 


junctions  grown  using  both  precursors  at  80K.  For 
TBAs  doped  LWIR  junctions  for  selected  films  R0A 
products  down  to  temperatures  below  40K  are  also 
reported. 

The  MWIR  diodes  were  grown  in  a  new  n-on-P 
heterojunction  configuration  with  I-doping  in  the  n- 
type  and  As  in  the  p-type  regions  using  TBAs.  This 
device  design  was  developed  to  alleviate  the  problems 
of  low  quantum  efficiency  with  sharply  peaked  spec¬ 
tral  response  observed  previously  in  the  n-on-p  MWIR 
homojunctions  which  were  part  of  the  p-n-N-P  dual¬ 
band  detectors.3  Detailed  MWIR  diode  performance 
characteristics  of  the  n-on-P  detectors  are  also  de¬ 
scribed. 

MOCVD  GROWTH 

Metalorganic  chemical  vapor  deposition-IMP  growth 
was  carried  out  in  a  horizontal  geometry  reactor  near 
atmospheric  pressure  at  360-370°C.  The  alternating 
pairs  of  HgTe  and  CdTe  were  grown  with  a  total 
period  thickness  of  0.05-0.1  pm  and  were  subse¬ 
quently  interdiffused  to  a  homogeneous  alloy  compo¬ 
sition.  Dimethylcadmium  (DMCd)  and  diisopropyl- 
telluride  (DiPTe)  were  the  organometallic  precursors 
used  for  Cd  and  Te,  respectively,  and  heated  elemen¬ 
tal  Hg  was  used  as  the  source  for  Hg  vapor.  Additional 
details  of  the  HgCdTe  MOCVD  growth  system  and 
parameters  have  been  described  previously.1  Lattice 
matched  CdZnTe  (4%  nominal  Zn  content)  substrates 
were  used  in  this  work  with  the  (100)4-8°  <110> 

and  (211)B  orientations.  Undoped  layers  grown  on 
these  substrates,  following  a  stoichiometric  anneal  at 
235°C  under  Hg  vapor,  are  n-type  with  background 
carrier  concentrations  of  (3-8)  x  1014  cm-3  measured  at 
80K. 

For  iodine  doping,  the  El  bubbler  was  operated  in  a 
dual  dilution  flow  configuration  to  achieve  precise 
control  of  dopant  injection  in  the  reactor.  In  this 
manner,  the  partial  pressure  of  El  could  be  readily 
controlled  from  1  x  ICH-l  x  10-5  atm.  Since  it  is 
necessary  for  the  iodine  impurity  to  substitutionally 
occupy  sites  in  the  tellurium  sublattice  to  be  effective 
as  a  donor,  El  was  injected  only  during  the  CdTe 
growth  cycle  where  metal-rich  conditions  are  easily 
achieved.  A  Cd/Te  ratio  of  1. 1-1.2  was  used  in  this 
work.  For  the  low  level  donor  doping  used  here 
(1-2  x  1015  cmr3)  as-grown,  the  iodine  doped  HgCdTe 
was  found  to  be  p-type.  Following  an  anneal  in  satu¬ 
rated  Hg  vapor  at  235°C,  the  layers  converted  to  n- 
type  with  Hall  carrier  concentrations  determined  by 
the  El  partial  pressure  used  during  growth.  Further 
details  of  the  iodine  doping  process  using  El  are 
described  elsewhere.4 

P-type  doling  was  performed  using  TBAs  or  DMAAs 
as  the  precursors.  A  double  dilution  flow  configura¬ 
tion  was  also  used  for  the  TBAs  bubbler  which  al¬ 
lowed  precise  control  of  dopant  injection  with  partial 
pressures  in  the  range  2  x  10_8-2  x  1CH5  atm.  Arsenic 
doping  was  also  performed  under  metal-rich  condi¬ 
tions  in  the  CdTe  growth  cycle  similar  to  that  used  for 
iodine  doping.  DMAAs  which  has  a  conveniently  lower 


MOCVD  of  HgCdTe  p/n  Junctions  Using  Arsenic  and  Iodine  Doping 


1079 


vapor  pressure  of  0.96  Torr  compared  to  101  Torr  for 
TBAs  at  15°C  was  injected  in  the  reactor  using  stan¬ 
dard  bubbler  conditions.  As-doping  with  DMAAs  was 
also  performed  under  metal-rich  conditions  during 
CdTe  growth  of  the  IMP  cycle. 

The  LWIR  P-on-n  and  the  MWIR  n-on-P  het¬ 
erojunctions  were  grown  in  most  cases  with  the  n- 
type  layer  doped  with  iodine.  For  the  LWIR  diodes, 
the  narrow  bandgap  n-type  layers  were  grown  with 
thicknesses  of  10-13  pm  at  a  doping  level  of 
(1-2)  x  1015  cm-3.  The  widegap  p-type  layers  were 
grown  2-3  pm  thick  with  an  arsenic  doping  level  of  ( 1- 
3)  x  1017  cm"3.  For  the  MWIR  diodes  an  x~0.40  layer 
was  grown  first  with  As-doping  at  (0.5-2)  x  1017  cm-3 
to  thicknesses  with  4-8  pm  followed  by  the  n-type 
layer  I-doped  at  (0.5— 3)  x  10l0  cm-3  and  thicknesses  of 
~10  pm.  The  heterojunctions  were  annealed  under 
Hg-rich  conditions  at  ~415°C  for  5—20  min  to  ensure 
complete  As  activation12  followed  by  a  standard  stoi¬ 
chiometric  anneal  at  ~235°C. 

FILM  CHARACTERIZATION  RESULTS 
N-Type  Doping 

By  controlling  the  partial  pressure  of  El,  the  donor 
concentration  in  HgCdTe  can  be  conHolled  over  the 
range  of  7  x  1014-2  x  1018  cm-3.  Hall  effect  measure¬ 
ments  at  80K  show  classical  n-type  behavior  for 
iodine  doped  MOCVD  HgCdTe.4  For  example,  for 
LWIR  HgCdTe  with  x~0.22  and  carrier  concentration 
of  (1-2)  x  1015  cm-3,  the  Hall  mobility  at  80Kis>l  x  105 
cm2V_1s_1  and  increases  to  >2  x  105  cmA^s-1  at  20K. 
The  80K  mobility  of  several  I-doped  and  undoped 
HgCdTe  layers  with  carrier  concentrations  in  the 
ranges  of  (1-3)  x  1015  and  (3-20)  x  1014  cm-3,  respec¬ 
tively,  and  x-values  in  the  range  of  0.20-0.25  are 
shown  in  Fig.  1.  The  mobility  data  of  the  MOCVD 
grown  layers  are  compared  with  state-of-the-art  liq¬ 
uid  phase  epitaxy  (LPE)  HgCdTe  shown  by  the  solid 
line.13  The  solid  line  is  a  polynomial  fit  to  a  large 
number  ofln-doped  LPE  HgCdTe  films  at  (1-2)  x  1015 
cm-3  grown  on  CdTe  or  CdZnTe  using  a  horizontal 
slider  from  Te-rich  solution.  The  mobility  data  for  the 
iodine  doped  MOCVD-IMP  grown  HgCdTe  are  in 
general  higher  than  the  data  for  undoped  layers  and 
are  comparable  to  recent  LPE  data.  By  correlating 
80K  carrier  concentrations  from  Hall  measurements 
with  secondary  ion  mass  spectrometry  (SIMS)  data, 
we  have  shown4  that  the  iodine  atoms  are  singly 
ionized  donors  with  an  activation  efficiency  of  100% 
over  the  range  of  7  x  1014— 2  x  1018  cm-3.  I-doped  LWIR 
HgCdTe  at  low  1013  cm-3  donor  concentration  exhibit 
Auger  recombination  limited  lifetimes4  of  1  psec  at 
80K.  The  lifetime  results  are  comparable  to  those 
reported  for  In-doped  LPE  HgCdTe  with  the  same 
carrier  concentration  and  alloy  composition.14  We 
have  also  found  that  El  does  not  react  with  DMCd  or 
DiPTe  in  a  manner  that  the  HgCdTe  alloy  composi¬ 
tion  is  affected  when  it  is  switched  on  or  off  and  no 
memory  effect  was  observed.  These  data  demonstrate 
the  effectiveness  of  El  as  a  precursor  and  the  iodine 


donor  impurity  in  MOCVD  of  detector  quality  HgCdTe. 
P-Type  Doping 

As-doping  during  MOCVD  of  HgCdTe  films  has 
been  achieved  in  the  range  of  3  x  1015-5  x  1017cm-3 
using  both  TBAs  and  the  DMAAs  precursors.  De¬ 
tailed  temperature  dependent  Hall  effect  measure¬ 
ments  show  classical  p-type  characteristics  with  the 
expected  freezeout  behavior  in  the  Hall  carrier  con¬ 
centration  as  a  function  of  inverse  temperature.  The 
mobilities  of  x=0.30  layers  are  in  the  range  of  160-400 
cmW-s  at  80K  depending  on  the  carrier  concentra¬ 
tion. 
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Fig.  1 . 80K  mobility  of  I-doped  and  undoped  MOCVD-IMP  HgCdTe  vs 
x-value.  The  solid  line  is  a  polynomial  fit  to  80K  mobilities  of  recent  LPE 
grown  In-doped  HgCdTe  at  (1-2)  x  1015  cm-3. 
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Fig.  2.  Transient  lifetime  data  at  80K  of  MOCVD  grown  p-type,  As- 
doped  HgCdTe  (x  =  0.30  ±0.01)  using  tertiarybutylarsine  and  tris- 
dimethylaminoarsenic. 
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Fig.  3.  X-ray  double  crystal  rocking  curve  map  on  an  LWIR  P-on-n 
heterojunction  film  grown  on  a  (1 00)  CdZnTe  substrate.  The  film  area 
is  2  x  1.5  cm. 


Depth  (pm) 

Fig.  4.  Secondary  ion  mass  spectroscopy  depth  profile  of  composition 
(125Te),  iodine,  and  arsenic  in  MOCVD  in  situ  grown  MWIR  n-on-P 
HgCdTe  heterojunction.  Data  on  photodiodes  fabricated  from  this  film 
are  shown  in  Fig.  5. 

obtained  for  As-doped  as  compared  to  vacancy-doped 
HgCdTe  for  the  same  carrier  concentration  and  com¬ 
position.  In  Fig.  2,  the  80K  transient  lifetimes  of 
several  x  =  0.30  As-doped  films  and  the  radiative 
lifetime  calculation  are  plotted  as  a  function  of  the 
80K  Hall  concentrations.  The  data  include  As-doped 
films  grown  with  both  TBAs  and  the  DMAAs  precur¬ 
sors.  Lifetime  measurements  were  performed  using 


the  transient  millimeter  wave  reflectance  technique. 16 
The  data  show  that  the  lifetimes  of  the  TBAs  doped 
films  are  always  below  the  calculated  radiative  limit 
and  in  the  best  cases  are  lower  by  a  factor  of  2-3. 
Furthermore,  in  these  films  with  carrier  concentra¬ 
tions  >1017  cmr3,  lifetimes  could  not  be  measured 
reliably  within  the  lower  temporal  resolution  instru¬ 
ment  limit  of -5  ns.  For  the  films  doped  using  DMAAs 
with  carrier  concentrations  below  1017  cm-3,  the  life¬ 
times  are  significantly  longer  and  are  at  the  radiative 
limit.  For  carrier  concentrations  >1017  cm-3,  reliable 
lifetimes  could  be  measured  for  the  films  doped  using 
DMAAs  but  are  below  the  radiative  limit.  Our  life¬ 
time  data  of  the  p-type  films  doped  with  DMAAs  are 
similar  to  that  obtained  by  Bevan  et  al.9  and  for 
concentrations  <1017  cm-3  are  comparable  to  that 
measured  in  As-doped  HgCdTe  grown  by  Hg-rich 
LPE.17  These  data  suggest  that  DMAAs  may  be  a 
more  promising  precursor  for  p-type  doping  of  HgCdTe 
than  TBAs. 

X-Ray  Characterization 

X-ray  double  crystal  rocking  curve  (DCRC)  mea¬ 
surements  have  been  performed  to  assess  the  epi¬ 
taxial  quality  of  the  in  situ  grown  heterojunctions.  In 
Fig.  3,  a  DCRC  full  width  at  half  maxima  map  of  the 
an  LWIR  P-on-n  heterojunction  grown  on  a  2  x  1.5cm2 
CdZnTe  substrate  oriented  (100)4°  <110>  is  shown. 

The  DCRC  measurements  were  made  using  the  Cu- 
Ka  line  with  a  beam  spot  1  mm  wide.  The  (400) 
reflection  was  used.  The  DCRC  map  shows  that  the 
crystalline  quality  of  this  15  pm  thick  double  layer 
heterojunction  is  highly  uniform  with  values  in  the 
narrow  range  of 33-39  arc-sec.  It  should  be  noted  that 
the  DCRC  lineshape  has  two  unresolved  components 
folded  in  from  the  two  lattice  constants  of  the 
heterostructure.  When  the  wider  bandgap  cap  layer  is 
etched  off,  a  DCRC  width  of  30  arc-sec  is  obtained 
which  approaches  the  corresponding  DCRC  width 
obtained  on  the  substrate  of  ~  25  arc-sec. 

MWIR  n-on-P  PHOTODIODES 

We  have  previously  reported  a  new  dual-band 
HgCdTe  detector,  grown  in  situ  by  MOCVD,  that 
consisted  of  an  LWIR  p-on-n  photodiode  on  top  of  an 
MWIR  n-on-p  photodiode.3  This  device  was  fabricated 
from  a  four-layer  p-n-N-P  HgCdTe  film  grown  in  situ 
on  a  CdZnTe  substrate  by  MOCVD-IMP.  Our  data  for 
this  dual-band  device  showed  that  the  MWIR  n-on-p 
homojunction  photodiodes  at  80K  had  good  R0A  prod¬ 
ucts,  generally  above  1  x  105  ohm-cm2  for  a  cutoff 
wavelength  of  4.5  pm.  However,  the  quantum  effi¬ 
ciencies  were  anomalously  low,  8-14  %,  and  in  some 
cases  the  response  spectra  were  sharply  peaked.  We 
attributed  these  low  quantum  efficiencies  and  peaked 
spectra  to  interface  recombination  at  the  film-sub¬ 
strate  interface. 

To  eliminate  the  effects  of  interface  recombination 
and  achieve  higher  quantum  efficiencies,  the  MWIR 
detector  was  grown  in  situ  in  the  n-on-P  heterojunction 
configuration.  In  this  structure,  the  p-type  layer  is  a 
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wide  gap  window  layer  and  the  n-type  absorber  layer 
is  well  removed  from  the  substrate-film  interface.  To 
the  best  of  our  knowledge,  we  report  here  for  the  first 
time  the  growth  and  diode  characterization  for  this 
type  of  HgCdTe  n-on-P  heterojunction,  although  some 
of  its  benefits  have  recently  been  analyzed  theoreti¬ 
cally.18 

Secondary  ion  mass  spectrometry  depth  profiles  of 
the  alloy  composition,  iodine  and  arsenic  dopant  lev¬ 
els  of  one  of  these  films  is  shown  in  Fig.  4.  Secondary 
ion  mass  spectrometry  analyses  of  the  125Te,  As,  and 
I  profiles  were  obtained  using  Cs+  ion  bombardment. 
The  composition  profile  was  determined  from  the 
125Te  secondary  ion  yield'”'  and  calibrated  against  the 
Fourier  transform  infrared  (FTIR)  determined  alloy 
composition  of  the  narrower  bandgap  layer.  For  the 
dopants,  the  data  were  quantified  using  relative  sen¬ 
sitivity  factors  determined  from  ion  implant  stan¬ 
dards  of  known  dosage  into  HgCdTe  and  should  be 
accurate  to  within  a  factor  of  2.  The  I  profile  was 
corrected  for  the  (126Te+1Hk  molecular  ion  interfer¬ 
ence  at  nominal  mass  127  by  monitoring  (^Te-UH)- 
and  using  natural  isotopic  abundances  (126Te/128Te  = 
0.589)  to  subtract  out  the  molecular  contribution. 

The  n-on-P  heterojunctions  were  processed  into 
backside  illuminated  variable  area  circular  mesa 
photodiode  arrays  that  were  passivated  with  ZnS.20 
These  consisted  of  43  elements  with  radii  in  the  20- 
175  pm  range.  The  arrays  were  bump  interconnected 
to  a  circuit  board  and  tested  in  the  backside  illumi¬ 


nated  configuration  without  any  antireflection  coat¬ 
ing  on  the  substrate  surface.  The  photodiodes  were 
characterized  for  current-voltage  (I-V)  curves,  zero 
bias  resistance  area  product  R0A,  quantum  efficiency, 
effective  lateral  optical  collection  length,  and  spectral 
response  at  80K.  The  one-dimensional  quantum  effi¬ 
ciency  (QE(1D))  and  the  optical  collection  length  L 
were  deduced  from  the  dependence  of  quantum  effi¬ 
ciency  on  junction  area  in  the  variable-area  arrays. 
Figure  5  shows  spectral  response  and  I-V  data  for  a 
photodiode  from  an  array  fabricated  from  an  n-on-P 
heterojunction  film.  High  quantum  efficiencies  are 
routinely  observed  in  all  the  n-on-P  heterojunction 
films.  The  one-dimensional  quantum  efficiency  for 
this  array  was  72%,  close  to  the  maximum  quantum 
efficiency  that  can  be  achieved  with  no  antireflection 
coating.  The  R0A  product  for  the  array  with  a  cutoff 
wavelength  of  4.95  pm  is  (1-3)  x  105  ohm-cm2  and  is 
consistent  with  other  arrays  processed  with  the  same 
cutoff  wavelength.  R0A  data  obtained  from  a  large 
number  of  test  arrays  from  the  n-on-P  heterojunction 
diodes  are  plotted  in  Fig.  11  which  is  discussed  in  the 
next  section.  Very  few  outages  were  observed  for 
these  test  arrays. 

The  spectral  response  data  in  Fig.  5  (upper  curve  is 
per  watt,  lower  curve  is  per  photon)  show  clearly  the 
onset  of  transmission  for  the  wide  gap  window  layer 
at  2.4  pm.  For  wavelengths  less  than  2.4  pm,  most  of 
the  photons  are  absorbed  in  the  window  layer,  and  the 
resulting  photocarriers  undergo  recombination  at  the 
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Fig.  5.  Spectral  response  and  I-V  curves  for  a  MOCVD  in  situ  grown  n-on-P  heterojunction  with  arsenic  and  iodine  doping  and  80  K  cutoff  wavelength 
of  ~5  |im. 
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Fig.  6.  Secondary  ion  mass  spectroscopy  depth  profile  of  composition 
(125Te),  iodine,  and  arsenic  in  MOCVD  in  situ  grown  P-on-n  HgCdTe 
heterojunction. 


substrate-film  interface  and  do  not  contribute  to  the 
photocurrent. 

LWIR  P-on-n  PHOTODIODES 

A  representative  SIMS  depth  profile  of  an  iodine 
and  arsenic  doped  p-on-n  heterojunction  grown  in  situ 
on  a  CdZnTe  (100)  substrate  is  shown  in  Fig.  6.  In  the 
growth  of  this  structure,  the  iodine  doping  was 
switched  off  when  the  arsenic  doping  was  switched 
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Fig.  7.  R0A  data  from  a  43  element  LWIR  variable  area  array  at  80, 70, 
and  40K.  The  data  are  plotted  with  increasing  junction  radius.  R.  =  20, 
30,  38,  50,  75,  1 00,  and  1 75  pm. 


Fig.  8.  Spectral  response,  l-V  and  RDA  plots  for  a  MOCVD  in  situ  grown  P~on-n  heterojunction  on  CdZnTe  (1 00)  with  arsenic  and  iodine  dooino  and 
80K  cutoff  wavelength  of  1 0.4  pm.  K  y 
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Fig.  9.  Spectral  response,  l-V  and  R0A  plots  for  a  MOCVD  in  situ  grown  P-on-n  heterojunction  on  CdZnTe  (21 1)B  with  80K  cutoff  wavelength  of 


10.5  Ltm. 


on.  The  iodine  doping  level  falls  off  abruptly  due  to  the 
slow  diffusion  rate  at  the  growth  and  anneal  tempera¬ 
ture.  The  arsenic  dopant  on  the  other  hand  shows 
significant  diffusion  of  ~1.5  pm  and  an  approximate 
Gaussian  profile.  The  composition  profile  was  ob¬ 
tained  from  the  12STe  secondary  ion  intensity.  Some 
alloy  interdiffusion  is  evident  between  the  narrow 
gap  and  wide  gap  compositions,  but  not  to  the  extent 
that  the  junction  overlaps  with  the  graded  region. 
Thus,  valence  band  barriers  are  not  expected  to  form. 
Iodine,  due  to  its  low  diffusivity,  acts  as  an  effective 
marker  for  determining  the  location  of  the  prediffused 
onset  of  composition  change  and  arsenic  doping.  This 
permits  the  alloy  interdiffusion  and  arsenic  diffusion 
kinetics  to  be  easily  evaluated.  Dislocations  mea¬ 
sured  on  most  of  the  heterojunctions  using  an  etchant 
described  by  Hahnert  and  Schenk21  gave  etch  pit 
density  values  in  the  range  of  (1—2)  x  106cnr2. 

Variable-area  photodiode  arrays  were  fabricated  on 
the  P-on-n  heterojunctions  in  the  same  manner  as  the 
n-on-P  diodes  described  in  the  previous  section.  The 
photodiodes  were  characterized  for  I-V  curves,  zero 
bias  resistance-area  product  R0A,  the  dynamic  resis¬ 
tance  area  product  RDA,  quantum  efficiency,  effective 
lateral  optical  collection  length,  and  spectral  response 
at  80K.  Selected  diodes  were  characterized  down  to 
temperatures  of  25K. 

The  R0A  data  at  80,  70,  and  40K  for  an  entire  43 
element  array  are  plotted  in  Fig.  7,  in  order  of  in¬ 


creasing  junction  radius  from  20  to  175  pm.  The  P-on- 
n  heterojunction  was  grown  on  a  CdZnTe  (100)  sub¬ 
strate.  The  data  at  80  and  70K  are  reasonably  uni¬ 
form  within  each  junction  radius  group.  The  R0A 
product  shows  a  trend  to  increase  with  increasing 
junction  radius,  in  this  ZnS  passivated  array,  which 
is  caused  in  part  by  perimeter-only  current  mecha¬ 
nism  such  as  surface  g-r  current.  This  indicates  that 
the  R0A  data  are  partially  limited  by  surface  mecha¬ 
nisms  and  improvement  in  R0A  is  expected  with 
improved  passivation.  The  80K  cutoff  wavelength  for 
this  array  is  8.6+0.03  pm  and  Lopt  =  16  pm.  The  one¬ 
dimensional  quantum  efficiency  QE  (ID)  at  80K  is 
62%,  compared  to  the  maximum  of  78%  possible  forno 
antireflection  coating.  Figure  7  shows  that  the  R0A 
data  at  40K  for  many  elements  are  orders  of  magni¬ 
tude  higher  than  at  80K.  The  highest  R^  value  at 
40Kis5  x  105Q-cm2.  The  cutoff  wavelength  at  40K  is 
9.4  pm.  These  are  the  highest  reported  R0A  values  for 
HgCdTe  heterojunctions  grown  in  situ  by  MOCVD. 
The  40K  R0A  product,  however,  does  not  show  the 
same  perimeter  dependence  observed  in  the  80  and 
70K  data.  This  is  quite  possibly  because  at  40K  the 
R0A  values  are  limited  by  bulk  defects  rather  than 
surface  effects. 

Diode  data  for  an  element  with  50  pm  radius  from 
an  array  grown  on  a  CdZnTe  (100)  substrate  are 
shown  in  Fig.  8.  The  80K  (kco  =  10.4  pm)  spectral 
response  per  watt  (upper  curve)  and  per  photon  (lower 


1084 


Mitra,  Schimert,  Case,  Barnes,  Reine, 
Starr,  Weiler,  and  Kestigian 


Fig.  1 0.  Temperature  dependence  of  R0A  vaiue  from  the  LWIR  P-on- 
n  heterojunction  in  Fig.  9. 


Cutoff  Wavelength  (//m) 

Fig.  1 1 .  R0A  vs  cutoff  wavelengths  at  80K  for  MOCVD  in  situ  grown 
MWIR  and  LW!R  HgCdTe  photodiodes  using  iodine  and  arsenic 
doping.  The  solid  and  the  dotted  lines  depict  calculated  R0A  values  as 
described  in  the  text 


curve)  are  classical  in  shape,  indicative  of  a  long 
diffusion  length  in  the  n-type  absorber  layer  and 
negligible  recombination  at  the  film-substrate  inter¬ 
face.  The  one-dimensional  quantum  efficiency  QE 
(ID)  for  this  array  at  80K  is  58%.  The  I-V  curves  and 
RdA  product  at  80  and  7QK,  also  shown  in  Fig.  8,  are 
well  behaved.  The  R0A  product  increases  from  18.9  Q- 
cm2  at  80Kto  66.2  Q-cm2  at  70K,  about  a  factor  of  3.5, 
which  is  slightly  greater  than  the  factor  of  three 
expected  theoretically  for  pure  g-r  current  with  an 
ideal  n.(x,T)  temperature  dependence. 

The  I-V  and  spectral  response  data  for  an  element 
(Xc0  (80K)  =  10.4  pm)  from  another  array  grown  on  a 


CdZnTe  (211)B  substrate  are  shown  in  Fig.  9.  Here 
also  spectral  response  data  are  classical  in  shape, 
with  a  QE(1D)  of  56%.  The  I-V  curves  are  well- 
behaved,  with  no  sign  of  significant  tunneling  current 
even  out  to  -300  mV  reverse  bias.  The  dynamic 
resistance  RD  at  80K  increases  by  over  an  order  of 
magnitude  from  0  to  -50  mV.  The  R0A  product  in¬ 
creases  from  46.9  Q-cm2  at  80K  to  204  Q-cm2  at  70K, 
a  factor  of  4.35  which  is  greater  than  the  factor  of 
three  expected  from  pure  g-r  current,  indicating  a 
combination  of  g-r  and  diffusion  current  dominating 
the  R0A  at  80K.  These  trends  can  be  seen  also  in  the 
data  for  R0A  vs  1/T  in  Fig.  10,  which  shows  three 
elements  following  a  characteristic  g-r  temperature 
dependence  down  to  50K  and  beginning  to  follow  the 
characteristic  diffusion  current  temperature  depen¬ 
dence  at  80K.  Note  that  R0A  has  increased  to  2  x  104 
Q-cm2  at  40K,  at  which  temperature  the  cutoff  wave¬ 
length  is  calculated  to  be  11.7  pm. 

All  of  the  above  LWIR  photodiodes  were  grown 
using  TBAs  for  As-doping.  Afew  LWIR  heterojunctions 
were  grown  with  the  DMAAs  precursor  for  As-doping. 
The  photodiode  I-V  characteristics  and  QE(1D)  in 
these  first  P-on-n  junctions  grown  with  DMAAs  were 
comparable  to  the  best  diodes  grown  using  TBAs.  R0A 
data  vs  cutoff  wavelengths  at  80K  are  plotted  in  Fig. 
11  for  the  best  elements  from  variable-area  arrays 
from  a  large  number  of  P-on-n  and  n-on-P  films  grown 
in  situ  by  MOCVD.  In  all  cases,  the  spectral  response 
data  were  classical  in  shape  and  quantum  efficiencies 
were  above  50%.  I-V  curves  were  well  behaved  with 
g-r  current  generally  the  dominant  mechanism  near 
zero  bias  voltage  at  80K. 

The  solid  line  in  Fig.  11  is  the  calculated  R0A  due  to 
diffusion  current  from  the  n-layer  only  for  a  thickness 
of  15  pm  and  a  lifetime  determined  by  Auger  recom¬ 
bination  mechanism.  The  dashed  line  is  the  calcu¬ 
lated  R0A  due  to  depletion  layer  g-r  current,  for  doping 
levels  of  1  x  1015andl  x  1017  cm-3  on  then-side  and  p- 
side,  respectively,  and  for  a  depleted  surface  recombi¬ 
nation  velocity  S0  of  1  x  104  cm/s.  From  Fig.  11,  it  is 
evident  that  the  LWIR  diodes  grown  using  the  DMAAs 
precursor  and  I-doping  have  80K  R0A  products  com¬ 
parable  to  the  best  achieved  using  TBAs  as  the  As- 
precursor. 

CONCLUSION 

This  paper  has  shown  that  iodine  doping  performed 
using  the  El  precursor  improves  the  mobility  of 
MOCVD  grown  HgCdTe  over  the  undoped  background 
annealed  films,  and  these  mobilities  are  comparable 
to  state-of-the-art  HgCdTe  films  grown  by  Te-rich 
LPE.  The  use  of  El  for  donor  doping  was  shown  to  be 
highly  effective  in  controlling  the  absorber  layer  dop¬ 
ing  for  heterojunctions.  Medium  wavelength  infrared 
photodiodes  grown  in  situ  in  the  n-on-P  heterojunction 
configuration  show  well-behaved  performance  with 
classical  spectral  response,  high  one-dimensional 
quantum  efficiency  (70-75%),  and  R0A  products  of 
2  x  IQ5  ohm-cm2  at  80K  for  cutoff  wavelength  of  5.5 
pm.  This  device  configuration  solves  the  problem  of 
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peaked  spectral  response  and  low  quantum  efficiency 
observed  previously.3  Arsenic  doping  with  DMAAs 
was  shown  to  produce  longer  lifetimes  than  with 
TBAs  for  the  same  acceptor  concentration  in  x  =  0.30 
HgCdTe.  The  improved  lifetimes  in  the  As-doped 
films  suggest  improved  junction  performance  with 
this  precursor.  With  better  control  of  alloy  composi¬ 
tion  and  doping,  the  properties  of  HgCdTe  LWIR 
diodes  grown  in  situ  by  MOCVD  in  the  P-on-n 
heterojunction  configuration  have  shown  significant 
improvement  over  that  achieved  previously.1  The 
spectral  response  is  always  classical  in  shape,  quan¬ 
tum  efficiency  high,  in  the  50-60%  range,  for  these 
backside  illuminated  photodiodes.  The  I-V  curves  are 
well-behaved.  The  photodiodes  exhibit  large  increases 
in  Rd  at  reverse  bias  voltage  and  RqA  products  limited 
by  g-r  current  at  80K.  The  R0A  data  at  40K  of  2  x  104 
fl-cm2  for  XCQ  =  11.7  pm  and  5  x  105  O-cm2  for  A,co  =  9.4 
pm  are  the  highest  reported  for  P-on-n  HgCdTe 
heterojunctions  grown  in  situ  by  MOCVD.  The  first 
LWIR  photodiodes  using  the  DMAAs  precursor  for 
As-doping  exhibit  performance  comparable  to  the 
best  achieved  by  using  TBAs.  These  results  are  most 
encouraging  and  provide  the  motivation  for  contin¬ 
ued  development  of  in  situ  MOCVD  growth  of  HgCdT  e 
junctions  with  improved  uniformity  and  array  repro¬ 
ducibility. 
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Real-Time  Control  of  HgCdTe  Growth  by  Organometallic 
Vapor  Phase  Epitaxy  Using  Spectroscopic  Ellipsometry 
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The  use  of  spectroscopic  ellipsometry  for  monitoring  the  vapor  phase  epitaxial 
growth  of  mercury  cadmium  telluride  (HglxCdxTe)  in  real-time  is  demonstrated. 
The  ellipsometer  is  used  to  perform  system  identification  of  the  chemical  vapor 
deposition  reactor  used  for  the  growth  of  CdTe  and  to  measure  the  response  of 
the  reactor  to  different  growth  conditions.  The  dynamic  behavior  of  the  reactor 
is  also  studied  by  evaluating  the  gas  transport  delay.  The  optical  constants  of 
Hgl  xCdxTe  are  determined  at  the  growth  temperature  for  different  composi¬ 
tions.  In-situ  real-time  composition  control  is  performed  during  the  growth  of 
HgL  xCdxTe.  The  required  target  compositions  are  attained  by  the  ellipsometer 
and  appropriate  corrections  are  also  made  by  the  controller  when  a  noise  input 
in  the  form  of  a  temperature  variation  is  introduced. 

Key  words:  HgCdTe,  in-situ  monitoring,  real-time  control,  spectroscopic 
ellipsometry 


INTRODUCTION 

There  is  a  need  for  in-situ ,  non-invasive,  and  real¬ 
time  monitoring  techniques  to  be  developed  for  use  on 
chemical  vapor  deposition  (CVD)  systems  in  order  to 
achieve  reliable  control  over  growth  and  also  to  un¬ 
derstand  the  growth  process.  In-situ  ellipsometry  has 
shown  promise  in  studying  and  controlling  the  growth 
of  various  compound  semiconductors1  including 
Hgl  xCdxTe  (MCT),2’3  where  reliable  achievement  of 
the  desired  composition  from  run  to  run  is  found  to  be 
difficult. 

The  determination  of  suitable  operating  parameters 
for  the  growth  of  material  in  the  CVD  system  is  also 
not  easily  done.  Many  iterations  are  required  before 
the  proper  conditions  are  established.  This  can  be 
resolved  by  using  the  real-time  monitoring  capability 
of  ellipsometry  to  perform  “system  identification”  on 
the  CVD  reactor  used  for  growth.  This  involves  study¬ 
ing  the  growth  under  different  reactor  conditions. 
Both  steady  state  and  dynamic  response  of  the  growth 
parameters  to  changes  in  reactor  conditions  such  as 
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reactant  flow  rates  and  susceptor  temperature  can  be 
monitored.  This  allows  the  determination  of  a  suit¬ 
able  “operating  point”  for  the  reactor  within  a  couple 
of  growth  runs.  Without  the  ellipsometer,  a  trial-and- 
error  technique  will  take  much  longer  to  achieve  the 
same  result.  The  results  of  the  system  identification 
can  also  be  used  to  design  an  appropriate  control 
algorithm  for  controlling  the  composition  and/or  the 
growth  rate  of  the  growing  material. 

HARDWARE  AND  DATA  ANALYSIS 

A  44-wavelength  spectroscopic  ellipsometer  (J.A 
Woollam  Co.  NE  68508)  was  used  for  the  real-time 
monitoring.  The  data  acquisition  and  analysis  were 
done  using  the  WVASE™  software.  The  details  of  the 
ellipsometer  system,  in-situ  mount,  modeling  tech¬ 
niques3’4  and  preliminary  results  on  in-situ  studies  of 
CdTe4  and  HgCdTe3  have  been  discussed  at  length 
elsewhere,  and  will  not  be  dealt  with  here. 

EXPERIMENTAL  RESULTS 
System  Identification  During  Growth  of  CdTe 
The  growth  of  CdTe  by  organometallic  vapor  phase 
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Fig.  1.  Instantaneous  growth  rate  of  CdTe  on  GaAs  at  350°C  for 
different  settings  of  the  dimethylcadmium  mass  flow  controller  30  (A). 
45  (B),  60  (C),  and  20%  (D). 


of  the  dimethylcadmium  mass  flow  controller:  30  (A).  45(B),  60  (C),  and 
20%  (D). 


epitaxy  was  carried  out  on  GaAs  (100)  substrates, 
misoriented  toward  <110>  by  10°.  Dimethylcadmium 
(DMCd)  and  di~isopropyltelluride  (DIPTe)  were  used 
as  the  precursors  in  a  carrier  gas  of  H2.  Reactant 
partial  pressures  were  4.7  x  ICh4  atm.  (DIPTe)  and 


Fig.  3.  Variation  of  CdTe  growth  rate  with  setting  of  the  dimethyl¬ 
cadmium  mass  flow  controller. 


Fig.  4.  Variation  of  CdTe  growth  rate  with  susceptor  temperature  at  a 
fixed  flow  of  H2  through  the  dimethylcadmium  mass  flow  controller. 


5  x  10-5  atm.  (DMCd).  This  partial  pressure  of  DMCd 
corresponded  to  a  setting  of  30%  (15  seem  of  H2)  on  the 
DMCd  mass  flow  controller  (MFC).  The  growth  was 
carried  out  for  15  min  and  then  stopped.  Ellipsometric 
and  A  data  were  acquired  during  this  time.  The 
optical  constants  of  CdTe  at  the  growth  temperature 
were  determined  using  this  data.  These  constants 
were  used  later  on  to  determine  the  growth  rates  of 
CdTe  grown  under  different  conditions. 

The  first  study  on  the  system  identification  was  to 
determine  the  growth  rates  of  CdTe  obtained  at  a 
susceptor  temperature  of  350°C  and  reactor  pressure 
of  one  atmosphere  under  different  partial  pressures 
of  dimethyl  cadmium  (DMCd).  The  partial  pressure  of 
diisoproyltelluride  was  maintained  at  4.7  x  ICHatm. 
The  initial  partial  pressure  of  DMCd  used  was  5  x  l(h5 
atm.  which  corresponded  to  a  DMCd  MFC  setting  of 
30%.  CdTe  was  grown  for  about  4-5  min  at  various 
settings  above  and  below  this  value.  The  instanta¬ 
neous  growth  rates  for  some  of  these  settings  obtained 
from  post-growth  analysis  are  shown  in  Fig.  1.  As  we 
can  see,  the  growth  rate  at  a  particular  setting  is  quite 
constant.  There  is  some  noise  in  the  instantaneous 
growth  rate,  but  this  is  only  of  the  order  of  lOA/min, 
which  corresponds  to  a  variation  of  a  few  monolayers 
of  material.  As  we  can  see  from  the  thickness  vs  time 
data  in  Fig.  2  for  the  same  cases,  the  behavior  is  very 
steady.  The  different  slopes  of  the  trajectories  corre¬ 
spond  to  the  different  average  growth  rates  for  differ¬ 
ent  settings.  Finally,  the  growth  rates  at  350°C  are 
plotted  vs  the  corresponding  setting  of  the  DMCd 
mass  flow  controller  in  Fig.  3.  The  growth  rate  rises 
sharply  for  lower  flows  of  DMCd  and  then  flattens  out 
as  the  flow  is  increased.  This  is  understandable  from 
a  knowledge  of  the  mechanism  of  the  growth.5  The 
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incorporation  of  tellurium  into  the  layer  is  caused  by 
a  surface-catalyzed  pyrolysis  of  the  organometallic 
tellurium  species.  The  catalyst  in  this  case  is  cad¬ 
mium  from  the  dimethylcadmium  which  readily  py- 
rolyses  at  this  temperature.  The  amount  of  cadmium 
adsorbed  on  the  surface  increases  as  partial  pressure 
of  the  cadmium  species  is  increased.  This  brings 
about  a  corresponding  rise  in  the  growth  rate.  How¬ 
ever,  the  surface  coverage  of  cadmium  adsorbed  satu¬ 
rates  at  higher  partial  pressures  and  causes  a  similar 
behavior  in  the  growth  rate.  Note  that  the  II/VI  ratio 
is  of  the  order  of  0. 1,  which  ensures  that  enough  of  the 
organometallic  tellurium  species  is  available  for  py¬ 
rolysis  in  all  the  cases. 

The  second  study  was  to  observe  the  effect  of  chang¬ 
ing  the  susceptor  temperature  on  the  growth  rate  of 
CdTe.  The  partial  pressures  of  DIPTe  used  was 
4.7  x  10^  atm.  and  that  of  DMCd  was  4. 16  x  10~5atm. 
The  susceptor  temperature  was  varied  from  350  to 
335°C  and  back  up  to  365°C.  The  results  of  this 
experiment  are  shown  in  Fig  4.  At  the  temperature  of 
335°C,  the  surface  catalyzed  pyrolysis  rate  of  DIPTe 
is  reduced  and  the  growth  rate  falls  appropriately.  At 
the  higher  temperature  of 365°C,  the  rate  of  pyrolysis 
of  DIPTe  can  be  expected  to  be  higher,  but  this  merely 
results  in  increased  depletion  of  the  reactant  on  the 
portion  of  the  susceptor  upstream  of  the  sample  posi¬ 
tion  and  a  consequently  lower  growth  rate.  Thus, 
350°C  can  be  taken  to  be  the  optimum  temperature 
for  the  particular  configuration. 

Information  on  the  system  response  time  is  also 
obtained  by  taking  note  of  the  lag  time  from  the 
instant  at  which  the  gases  are  diverted  from  the 
bypass  line  into  reactor  tube  to  the  instant  at  which 
the  steady  growth  rate  is  reached.  This  has  been 
found  to  be  of  the  order  of  7-8  s.  Since  the  gases  travel 
extremely  fast  through  the  1/4  inch  diameter  supply 
tube,  we  may  assume  that  the  major  portion  of  the 
delay  is  due  to  the  transit  time  inside  the  reactor  tube 
from  the  gas  inlet  to  the  sample.  A  simple  expression 
for  the  transit  time  tr  is  given  by 

=  1  Ag 

where  ls  is  the  distance  from  the  gas  inlet  to  the 
sample  and  v  is  the  velocity  of  the  gas  stream.  Here, 
vg  is  readily  Obtained  from  the  equation 

vg  =  f/(7crt2) 

where  fg  is  the  total  gas  flow  rate  in  standard  cubic 
centimeters/min,  and  rt  is  the  inside  radius  of  the 
reactor  tube.  Using  the  particular  values  for  the 
situation,  namely  fg  =  4000  seem,  rt  =  3.5  cm  and  ls  = 
15  cm,  we  obtain  a  value  for  the  transit  time  tr  =  8.7 
s.  The  observed  lag  time  is  slightly  smaller  but  can  be 
explained  as  a  consequence  of  the  reactant  diffusing 
downstream  of  the  flow  and  reaching  the  substrate  a 
little  faster. 

Real-Time  Control  of  HgCdTe  Composition 

Mercury  cadmium  telluride  (Hgl  xCdxTe)  was  grown 
on  (100)  GaAs  substrates,  misoriented  10°  toward 


<110>,  at  350°C  and  1  atm.  under  Te-rich  conditions 
using  the  direct  alloy  growth6  technique.  A  CdTe 
buffer  layer  was  first  grown  and  a  multilayer  stack  of 
HgCdTe  layers  of  different  compositions  were  grown 
on  this  buffer.  Ellipsometric  data  were  continuously 
acquired  during  growth  of  HgCdTe  of  different 
compositions.  The  optical  constants  (at  the  growth 
temperature)  of  the  different  layers  in  the  stack  were 


b 

Fig.  5.  Real  part  of  the  dielectric  constant  e1  (A)  and  imaginary  part  of 
the  dielectric  constant  e2  (B)  of  Hg1_xCdxT e  of  composition  x  =  0.343  at 
two  different  temperatures:  25°C  (room  temp.)  and  350°C. 


b 

Fig.  6.  Real  part  of  the  dielectric  constant  e1  (A)  and  imaginary  part  of 
the  dielectric  constant  e2  (B)  of  Hg1_xCdxTe  at  350°C  for  different 
compositions. 
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Fig.  7.  Real-time  monitoring  of  the  composition  x  of  Hg1_xCdxTe  during 
a  control  experiment. 


Fig.  8.  Instantaneous  setting  of  the  dimethylcadmium  (DMCd)  mass 
flow  controller  during  the  composition  control  experiment  on 
Hg1_xCdxTe  growth. 


determined  using  the  techniques  described  previ¬ 
ously.3  In  order  to  create  a  library  of  optical  constants 
of  HgCdTe  for  different  compositions,  it  was  neces¬ 
sary  to  determine  the  compositions  of  the  individual 
layers  in  the  stack.  A  standard  technique  like  Fourier 
transform  infrared  spectroscopy  could  not  be  used  for 
this  purpose  since  the  resulting  spectrum  is  due  to  an 
integrated  contribution  from  all  the  layers,  and  it  is 
impossible  to  resolve  them  independently.  The  exten¬ 
sive  interdiffusion  that  occurs  between  these  layers 
during  the  growth  also  prevents  the  use  of  this  method. 

An  alternative  method  was  employed  to  determine 
the  compositions  of  the  layers  in  the  stack.  The  com¬ 
position  of  one  of  the  layers  was  determined  by  com¬ 
parison  of  its  optical  constants  with  the  optical  con¬ 
stants  of  a  previously  grown  HgCdTe  layer  of  (known) 
uniform  composition.  These  constants  (Fig.  5)  were 
obtained  by  heating  up  the  layer  to  the  growth  tem¬ 
perature  under  appropriate  Hg  overpressure.  The 
composition  of  a  layer  is  known  to  be  directly  related 
to  the  energy  of  the  critical  point  peak7  in  its  dielectric 
constant  spectrum.  We  assumed  that  the  energy  of 
the  critical  point  peak  in  the  dielectric  constant  spec¬ 
trum  at  the  growth  temperature  varies  with  composi¬ 
tion  in  a  similar  manner  as  it  does  at  room  tempera¬ 
ture.  Thus,  knowing  the  composition  of  one  of  the 
layers  in  the  stack,  we  could  reasonably  estimate  the 
composition  of  the  other  layers  in  the  stack. 

From  the  results  of  the  above  measurements,  an 
alloy  file  was  prepared  tabulating  the  optical  con¬ 
stants  of  the  material  for  different  compositions  of  the 
material8  (Fig.  6).  Using  the  knowledge  of  these  con¬ 


stants,  composition  control  of  HgCdTe  growth  was 
performed  under  the  same  growth  conditions.  The 
virtual  interface  method9  was  used  to  obtain  the 
optical  constants  of  incremental  layers  of  HgCdTe 
grown  every  few  seconds.  The  critical  point-depen¬ 
dent  spectrum  shifting  algorithm10  was  then  used  to 
determine  the  composition  in  real-time.  As  can  be 
seen  from  the  optical  constant  spectra  of  Fig.  5,  the 
critical  point  peaks  are  flattened  at  higher  tempera¬ 
tures,  making  the  precise  determination  of  composi¬ 
tion  difficult.  The  composition  of  the  incremental 
layer  thus  obtained  was  then  compared  with  the 
target  and  the  error  was  used  to  correct  the  setting  of 
the  dimethylcadmium  mass  flow  controller  using  a 
simple  proportional  algorithm.  The  growth  rate  of  the 
layer  was  arbitrarily  fixed  at  3 A/s.  This  was  found  to 
be  necessary  as  the  calculated  instantaneous  growth 
rate  proved  to  be  very  noisy  since  the  growth  oscil¬ 
lations  of  a  highly  absorbing  material  such  as  HgCdTe 
tend  to  attenuate  very  rapidly.  The  assumption  of 
such  a  constant  growth  rate  is  not  true,  since  the 
growth  rate  varies  with  composition.  However,  it  does 
not  affect  the  composition  control  because  the  control¬ 
ler  seeks  only  to  minimize  the  difference  between  the 
target  and  current  compositions  and  is  not  interested 
in  the  growth  rate.  Figure  7  and  Figure  8  show  the 
variation  of  composition  (monitored  in  real-time)  and 
the  setting  of  the  dimethylcadmium  mass  flow  con¬ 
troller  during  a  growth  run.  The  target  composition 
was  first  set  to  0.25  and  control  handed  over  to  the 
ellipsometer.  After  this  composition  was  attained,  the 
target  was  fixed  at  0.3.  The  controller  suitably  changed 
the  dimethylcadmium  flow  to  achieve  this  target.  The 
slow  response  of  the  controller  was  due  to  the  low 
value  of  the  proportionality  constant  used  for  the 
control,  which  resulted  in  small  correction  changes  to 
the  mass  flow  controller  setting.  Larger  values  for 
this  constant  were  used  in  subsequent  runs,  resulting 
in  faster  settling  times.  Later,  a  disturbance  was 
provided  by  lowering  the  growth  temperature  to  345 °C. 
As  expected,  the  composition  immediately  increased 
but  was  brought  down  to  the  required  value  by  the 
ellipsometer. 

CONCLUSION 

We  have  demonstrated  the  usefulness  of  in-situ 
spectroscopic  ellipsometry  as  a  tool  for  performing 
system  identification  and  composition  control  on 
chemical  vapor  deposition  systems.  The  library  of 
optical  constants  of  HgCdTe  at  the  growth  tempera¬ 
ture  needs  to  be  accurately  verified  for  different 
compositions  in  order  to  achieve  the  precise  com¬ 
position  desired  by  the  control  algorithm.  The  el¬ 
lipsometer  is  quite  capable  of  distinguishing  dif¬ 
ferences  in  composition  of  the  order  of  0.002  at  room 
temperature.  However,  due  to  the  flattening  of  the 
critical  point  peaks  at  higher  temperature  and  the 
current  imprecision  in  the  library  of  optical  con¬ 
stants,  the  actual  resolution  of  composition  at  the 
growth  temperature  is  closer  to  0.01.  The  dynamic 
response  of  the  system  also  needs  to  be  incorporated 
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into  the  control  algorithm  in  order  to  achieve  a  prop¬ 
erly  damped  response. 
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Low  Temperature  Growth  of  (100)  HgCdTe  Layers  with 
DtBTe  in  Metalorganic  Vapor  Phase  Epitaxy 

K.  YASUDA,  H.  HATANO,  T.  FERID,  K.  KAWAMOTO,  T.  MAEJIMA, 
and  M.  MINAMIDE 

Nagoya  Institute  of  Technology,  Gokiso,  Showa,  Nagoya  466,  Japan 

Growth  characteristics  of  (100)  HgCdTe  (MCT)  layers  by  MOVPE  at  low 
temperature  of  275°C  were  studied  using  ditertiarybutyltelluride  as  a  tellurium 
precursor.  Growths  were  conducted  in  a  vertical  narrow-spacing  growth  cell  at 
atmospheric  pressure.  Cd  composition  of  MCT  layers  were  controlled  from  0  to 
0.98  using  dimethylcadmium  (DMCd)  flow.  The  growth  rate  was  constant  for 
increase  of  DMCd  flow.  During  the  growth,  Cd  was  incorporated  preferentially 
into  the  MCT  layers.  Enhancement  of  Cd  incorporation  in  the  presence  of  Hg  was 
also  observed.  Crystal  quality  and  electrical  properties  were  also  evaluated, 
which  showed  that  high  quality  MCT  layers  can  be  grown  at  275°C.  Strain  in 
CdTe  layers  grown  at  425  and  275°C  was  also  evaluated.  Lattice  parameter  of 
layers  grown  at  425°C  approached  bulk  value  at  thickness  of  5  pm,  while  layers 
grown  at  275°C  relaxed  at  1  pm.  The  rapid  strain  relaxation  of  layers  grown  at 
275°C  was  considered  due  to  the  layer  growth  on  the  strain  relaxed  buffer  layer. 
The  effect  of  the  thermal  stress  on  the  relaxation  of  CdTe  lattice  strain  was  also 
discussed. 

Key  words:  CdTe,  growth  characteristics,  HgCdTe,  HgTe,  lattice  strain, 
metalorganic  vapor  phase  epitaxy  (MOVPE) 


INTRODUCTION 

Low  temperature  growth  of  HgCdTe  (MCT)  layers 
by  MOVPE  is  expected  to  have  several  advantages 
over  usual  growth  at  temperatures  around  350  to 
425°C.  One  is  a  decrease  of  Hg  vacancy  formation 
during  growth  and  another  is  a  decrease  of  interdiffu¬ 
sion  at  the  growth  interface.  These  effects  are  impor¬ 
tant  not  only  for  further  improvements  of  infrared 
detectors  but  also  for  application  in  new  electronic 
devices  where  the  controllability  of  layer  structure 
and  electrical  properties  by  extrinsic  dopants  are 
essential.  Increase  of  dopant  adsorption  on  the  growth 
surface  and  suppression  of  neutral  vacancy-impurity 
complex  are  expected  at  low  growth  temperature.1’2 
The  lower  limit  in  temperature  for  MCT  growth  in 
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MOVPE  is  dependent  on  the  stability  of  Te  precur¬ 
sors.  To  overcome  this  problem,  various  growth  tech¬ 
niques  have  been  used  previously.  These  are  photoly¬ 
sis,3  use  of  thermally  unstable  Te  precursors4”6  and 
precracking  of  precursors.7  However,  the  growth  char¬ 
acteristics  and  electronic  properties  of  layers  for  a 
wide  range  of  Cd  composition  have  not  been  fully 
studied. 

In  this  paper,  we  report  the  growth  characteristics 
of  MCT  layers  at  low  growth  temperature  of  275°C 
using  ditertiarybutyltelluride  (DtBTe)  over  a  wide- 
range  of  Cd  composition  in  a  narrow-spacing  growth 
cell.  The  growth  characteristics  were  also  compared 
with  that  at  usual  growth  temperature  of 425°C  using 
diethyltelluride  (DETe).  Crystal  quality  and  electri¬ 
cal  properties  were  also  evaluated  for  layers  grown  at 
275°C.  Relaxation  of  lattice  strain  was  also  studied 
for  layers  grown  at  275  and  425°C. 
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EXPERIMENTAL 

MCT  growths  were  conducted  in  a  narrow  spacing 
growth  cell  at  atmospheric  pressure  with  rotating 
susceptor.8  The  spacing  between  the  substrate  and 
the  cell  ceiling  was  set  at  10  mm  throughout  this 
study.  Cell  ceiling  was  heated  to  200°C,  and  Hg 
supply  line  was  kept  at  175°C.  Precursors  used  were 
DtBTe,  DETe,  dimethylcadmium  (DMCd),  and  el¬ 
ementary  mercury.  DtBTe  was  used  for  growth  at 
275°C  and  DETe  was  used  for  growth  at  425°C.  (100) 
GaAs  substrates  were  used  for  the  growth  of  (100) 
MCT  and  (100)  CdTe.  These  layers  were  grown  after 
the  growth  of  CdTe  buffer  layer  at  425°C.  During  the 
cooling  period  of  growth  temperature  from  425  to 
275°C,  only  DETe  and  hydrogen  were  supplied  con¬ 
tinuously.  This  was  necessary  to  prevent  the  island 
growth  and  to  obtain  layers  with  good  surface  mor¬ 
phology.  Several  growths  were  also  conducted  using 
CdZnTe  substrate  to  compare  the  crystal  quality  of 
the  grown  layers.  Total  hydrogen  carrier  flow  was 


DMCd  flow  rate  (  XI 0  6  mo!/ min  ) 


Fig.  1 .  Dependence  of  Cd-composition  of  MCT  layers  grown  at  275°C 
with  DMCd  flow. 


1500  cm3/min  for  growth  at  275°C,  and  1020  cnfVmin 
for  growth  at  425°C. 

Cd-composition  of  grown  layers  was  examined  by 
electron  probe  microanalysis  (EPMA)  with  energy 
dispersive  mode,  and  the  compositional  uniformity 
was  examined  by  mapping  at  interval  of  2  mm  over 
the  growth  surface  of  10  x  15  mm2.  Electrical  proper¬ 
ties  of  grown  layers  were  evaluated  by  van  der  Pauw 
Hall  measurement.  Crystal  quality  was  evaluated  by 
x-ray  double  crystal  rocking  curve  (DCRC)  with  Cu- 
Ka  as  x-ray  source  using  Si  as  monochromator  crystal. 
Lattice  parameter  was  evaluated  by  x-ray  diffraction. 

RESULTS  AND  DISCUSSION 
Growth  Characteristics  of  MCT  Layers 

Figure  1  shows  variations  of  Cd-composition  x  in 
MCT  layers  grown  at  275°C  with  the  DMCd  flow, 
where  the  DtBTe  flow  was  set  at  5.0  x  10~5  and 
1.0  x  1 0-4  mol/min  and  the  Hg  flow  was  kept  constant 
at  6.6  x  10^  mol/min.  X- value  in  MCT  layers  increases 
very  abruptly  from  0  to  0.98  with  increasing  the 
DMCd  flow  from  0  to  4.2  x  1G~6  mol/min  at  fixed  DtBTe 
flow  of  5.0  x  10"5  mol/min.  On  the  other  hand,  the 
dependence  of  x-value  on  DMCd  flow  becomes  moder¬ 
ate  at  high  DtBTe  flow  of  1.0  x  10-4  mol/min.  The 
gradual  rise  of  x-value  at  high  DtBTe  flow  is  caused  by 
the  decrease  of  net  Cd  species  which  arrive  at  the 
growth  surface  since  slight  decrease  of  the  growth 
rate  also  occurs  here.  The  decrease  of  the  arrival  of  Cd 
species  helps  Hg  species  to  stick  on  the  growth  surface 
and  this  results  in  moderate  increase  of  x-value  with 
DMCd  flow.  The  lower  growth  rate  at  high  DtBTe  flow 
is  caused  by  the  increase  of  DMCd  loss  in  gas  phase  by 
coupling  with  excess  DtBTe,  since  the  incorporation 
rate  of  Cd  into  MCT  layer  is  higher  than  that  of  Hg  as 
shown  in  Fig.  1.  The  similar  dependence  of  x-value  as 
shown  in  Fig.  1  was  also  observed  at  higher  growth 
temperature  of  425°C  using  DETe  as  a  tellurium 
precursor. 

The  growth  rates  of  MCT  were  independent  of  the 
DMCd  flow  for  both  of  the  DtBTe  flows.  Slight  de¬ 
crease  of  the  growth  rate  from  5  to  4  pm/h  was 
observed  as  the  DtBTe  flow  was  increased.  The  growth 


Table  I.  Characteristics  of  MCT  Layers  Grown  on  (100)  GaAs  and  (100)  CdZnTe  Substrates  at  275PC 


Cd-Composition  x 

MCT 

Thickness  pm 

CdTe  Buffer 
Thickness  pm 

FWTIM  arc-sec 

80K  Carrier 
Density  cm-3 

80K  Hall 
Mobility  cmW  s 

GaAs  Substrates 

1.0 

2.1 

0.5 

338 

*1.2  x  1015p 

*65 

0.93 

3.2 

8.0 

253 

— 

— 

0.87 

3.3 

5.0 

222 

1.5  x  lG15n 

4.1  xlO2 

0.44 

2.6 

5.0 

424 

7.4  x  1015n 

7.4  x  103 

0.00 

4.65 

8.0 

227 

4.6  x  1016n‘ 

8.0  x  104 

CdZnTe  Substrates 

0.85 

3.0 

3.0 

94 

— 

— 

0.74 

3.0 

3.0 

100 

3.4  x  1015n 

4.2  x  IQ3 

*  Carrier  density  and  mobility  were  measured  at  30  OK. 
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rate  of  CdTe  measured  without  Hg  flow  and  at  DtBTe 
flow  of  5.0  x  10~5  mol/min  and  DMCd  flow  of  2.0  x  10-5 
mol/min  was  only  2.3  jum/h.  This  indicates  that  the 
enhancement  of  Cd  incorporation  occurs  in  the  pres¬ 
ence  of  Hg,  since  the  growth  rate  of  MCT  (x  =  0.98)  at 
DMCd  flow  of  4.0  x  10-6  mol/min  is  5  gm/h  which  is 
higher  than  that  of  CdTe  grown  without  Hg  flow.  The 
constant  growth  rate  for  the  increase  of  DMCd  flow 
indicates  that  both  of  the  effects,  preferential  incorpo¬ 
ration  of  Cd  and  suppression  of  Hg  incorporation, 
occur  in  MCT  growth  at  275°C.  For  the  case  of  high 
temperature  growth  at  425°C  with  DETe,  on  the  other 
hand,  growth  rate  remained  at  constant  value  or 
increased  for  increase  of  the  DMCd  flow  depending  on 
the  carrier  flow  condition  and  the  cell  spacing. 

The  growth  mechanism  of  MCT  at  low  growth 
temperature  of  275°C  is  considered  as  follows.  We 
assume  that  the  surface  kinetic  reaction  is  governing 
the  MCT  growth  as  has  been  observed  previously  for 
HgTe  growth  at  275°C8  and  CdTe  growth  with  DETe.9’10 
The  CdTe  and  HgTe  are  formed  on  the  growth  surface 
through  sticking  of  Cd  and  Hg  species  on  Te  species 
covered  surface,  since  Te  species  have  the  largest 
sticking  efficiency  among  the  three  species.11’12  At  the 
same  time,  Cd  precipitation  also  occurs  on  the  growth 
surface  through  alkyl  exchange  reaction  between 
DMCd  and  Hg.13  This  precipitated  Cd  also  attaches  to 
the  surface  Te  species  and  form  CdTe  on  the  growth 
surface.  This  CdTe  and  CdTe  formed  through  sticking 
of  Cd  species  occupy  the  large  part  of  surface  sites  and 
prevent  sticking  of  Hg  species  on  the  growth  surface 
since  Cd  species  have  higher  sticking  efficiency  than 
that  of  Hg  species.  This  process  results  in  preferential 
Cd  incorporation  and  constant  growth  rate  which  is 
limited  by  the  surface  coverage  rate  of  Te  species 
independent  of  the  DMCd  flow. 

On  the  other  hand,  if  there  was  a  wide  space  above 
the  substrate,  Cd  precipitation  would  also  occur  on 
the  wall  of  the  growth  cell  where  the  temperature  is 
usually  lower  than  the  substrate.  This  Cd  precipi¬ 
tated  on  the  wall  consumes  DtBTe  by  the  formation  of 
CdTe  on  the  wall  through  the  similar  process  as 
reported  by  Bhat  et  al.  for  DETe  pyrolysis.14  This 
causes  depletion  of  Cd  and  Te  species  in  gas  phase  and 
results  in  the  decrease  of  MCT  growth  rate  when  the 
DMCd  flow  is  introduced.  This  phenomenon  has  been 
usually  observed  in  conventional  growth  cell  where 
wide-space  exists  upstream  or  around  of  the  sub¬ 
strate.1516  We  have  also  observed  the  decrease  of  the 
growth  rate  in  horizontal  growth  cell  previously, 
where  the  deteriorations  of  composition  and  thick¬ 
ness  uniformity  also  occurred  if  exact  adjustment  of 
growth  condition  was  not  done  for  each  of  the  x- value. 
In  contrast  to  this,  the  growth  characteristics  ob¬ 
tained  here  show  that  improvement  of  MCT  growth 
environment  is  obtained  in  this  narrow-spacing  growth 
cell.  Decrease  of  wall-deposition,  efficient  precursor 
transport  to  the  growth  surface,  and  suppression  of 
convection  flow  over  the  substrate  are  contributing  to 
the  improvement.  Another  expected  merit  of  this 
narrow-spacing  cell  is  a  low  memory  effect  for  dopant 


Fig.  2.  Variation  of  the  lattice  parameter  of  CdTe  and  HgTe  in  the 
growth  direction  as  a  function  of  thickness,  for  layers  grown  at  275  and 
425°C. 


CdTe  layer  thickness  ( {i  m) 

Fig.  3.  Dependences  of  FWHM  of  DCRC  measurement  on  CdTe  layer 
thickness  for  layers  grown  at  275  and  425°C. 


introduction. 

Compositional  uniformity  of  MCT  layers  was  ex¬ 
amined  over  a  substrate  area  of  10  x  15  mm2.  The 
maximum  variation  in  x- value  (Ax)  was  ±0.01  for 
layers  with  mean  x-value  from  0.44  to  0.93.  We  think 
that  the  uniformity  will  be  improved  further  since  no 
attempt  was  made  to  optimize  the  growth  condition. 

Table  I  shows  the  full  width  at  half  maximum 
(FWHM)  values  of  DCRC  and  electrical  properties  of 
MCT  layers  grown  at  275°C.  Note  that  the  MCT 
layers  were  grown  at  different  growth  conditions  such 
as  Hg  flow,  DtBTe  flow,  and  buffer  layer  thickness. 
When  the  layers  were  grown  on  GaAs  substrates, 
FWHM  values  of  DCRC  ranged  from  222  to  424  arc- 
s.  On  the  other  hand,  the  layers  grown  on  CdZnTe 
substrate  showed  considerable  improvement  in  crys¬ 
tal  quality.  MCT  layers  showed  n-type  properties 
after  annealing  at  250°C  and  24  h  in  Hg  saturated 
condition.  The  annealed  layers  showed  electron  den- 
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sities  of  1.5  x  1015  to  7.4  x  1015  cm-3  and  mobilities  of 
4.1  x  102  to  7.4  x  103  cmW-s  depending  on  the  Cd 
composition.  The  electron  densities  of  MCT  layers 
may  be  due  to  Ga  contamination  rather  than  impuri¬ 
ties  in  metalorganic  sources,  since  the  Ga  was  de¬ 
tected  by  secondary  ion  mass  spectroscopy  measure¬ 
ment  for  layers  grown  on  GaAs  substrates.  The  Ga 
may  be  incorporated  into  layers  from  the  substrate 
through  dislocations  and  also  from  the  Ga-con- 
taminated  growth  environment  since  growths  were 
mainly  conducted  using  GaAs  substrate.  The  Ga- 
contamination  is  also  supposed  to  occur  for  layers 
grown  on  CdZnTe  substrate,  since  the  Ga  is  known  to 
cause  heavy  memory  effect.2  Thus,  further  decrease 
in  electron  density  is  expected  for  layers  grown  on 
CdZnTe  substrates  after  complete  bake-out  of  the 
susceptor  and  the  growth  cell.  Although  the  layers 
have  high  electron  densities,  the  mobilities  are  com¬ 
parable  to  high  quality  layers. 

The  above  results  indicate  that  the  high  quality 
MCT  layers  can  be  grown  at  low  growth  temperature 
of  275°C  using  DtBTe,  and  the  MCT  growth  environ¬ 
ment  in  MOVPE  is  improved  by  employing  the  nar¬ 
row  space  growth  cell. 

Strain  in  CdTe  and  HgTe  Layers  Grown  on 
GaAs  Substrates 

Figure  2  shows  the  variations  of  lattice  parameter 
in  the  growth  direction  with  layer  thickness  for  CdTe 
and  HgTe  layers  grown  at  275  and  425°C.  Thickness 
of  CdTe  layers  includes  thickness  of  the  buffer  CdTe 
layers  (0.5  pm)  which  was  grown  at  425°C.  Lattice 
parameter  of  CdTe  layers  grown  at  275°C  approaches 
bulk  value  (0.64810  nm)  at  thickness  around  1  pm. 
For  the  CdTe  layers  grown  at  425°C,  on  the  other 
hand,  the  lattice  parameter  approaches  the  bulk 
value  at  thickness  around  5  pm.  HgTe  layers  grown  at 
275  and  425°C  also  show  the  similar  variations  of 
lattice  parameter  with  layer  thickness  as  those  of 
CdTe  layers. 

Figure  3  shows  the  dependences  of  FWHM  value  of 
DCRC  measurement  on  CdTe  layer  thickness  for 
layers  grown  at  275  and  425°C.  Both  of  the  layers 
show  decreases  of  FWHM  value  with  increase  of  layer 
thickness.  The  FWHM  value  of  layers  grown  at  275°C 
decreases  more  rapidly  with  increase  of  layer  thick¬ 
ness  than  that  of  layers  grown  at  425°C.  This  result 
indicates  that  the  layers  with  better  crystal  quality 
(low  dislocation  density)  were  obtained  at  275°C  even 
at  thin  layer  thickness.  Full  width  at  half  maximum 
value  of  HgTe  layers  grown  at  275  and  425°C  also 
showed  the  similar  variation  with  layer  thickness  as 
those  of  CdTe  layers. 

The  above  results  indicate  that  the  special  mecha¬ 
nism  works  during  the  growth  of  CdTe  layers  at  275°  C 
to  relax  the  lattice  strain  and  to  reduce  dislocations. 
The  mechanism  will  be  discussed  below.  The  rapid 
decrease  in  lattice  parameter  for  layers  grown  at 
275°C  is  considered  due  to  that  these  layers  grew  on 
strain  relaxed  buffer  layer.  The  strain  in  buffer  layers 
relaxes  through  generating  dislocations  during  the 


cooling  period  from  the  buffer  CdTe  growth  at  425°C 
to  the  layer  growth  at  275°C,  since  the  buffer  layers 
suffer  both  compression  stresses  caused  by  lattice 
mismatching  and  difference  of  thermal  expansion 
coefficient  between  CdTe  and  GaAs  substrate  (ther¬ 
mal  stress).  To  confirm  the  strain  relaxation  in  buffer 
layers  during  the  cooling  period  to  275°C,  we  have 
also  evaluated  the  variations  of  CdTe  lattice  pa¬ 
rameter  with  layer  thickness  for  layers  grown  at 
425°C  using  growth  interruption.  During  the  growth 
interruption,  layers  were  cooled  down  to  275°C  and 
heated  up  to  425°C  again  under  a  continuous  flow  of 
DETe.  The  lattice  parameter  of  growth  interrupted 
layers  showed  the  similar  variation  to  that  grown  at 
275°C.  This  result  indicates  that  the  strain  relaxation 
occurs  on  buffer  layers  during  the  cooling  period.  Shin 
et  al.  reported  that  the  dislocation  density  in  the  CdTe 
buffer  layer  increased  about  two  orders  of  magnitude 
after  the  post  growth  thermal  annealing  (41Q-490°C) 
followed  by  the  n-type  annealing  (250°C)  which  was 
conducted  on  the  (211)  MCT/CdTe/GaAs  layers  grown 
by  molecular  beam  epitaxy,17  They  also  suggested 
that  the  thermal  stress  rather  than  the  lattice 
mismatching  would  produce  the  dislocation  genera¬ 
tion  and  movement.17  Tachikawa  et  al.  also  showed 
that  the  thermal  stress  induced  dislocation  on  GaAs/ 
Si  in  the  cooling  stage. 1S  Although  those  studies  were 
done  on  samples  of  different  materials  and  which 
were  prepared  by  different  growth  procedures,  those 
studies  support  the  above  proposed  mechanism  for 
strain  relaxation  in  CdTe  buffer  layer. 

On  the  other  hand,  if  the  subsequent  layers  grow  on 
buffer  layers  with  high  dislocation  density  at  275°C, 
the  grown  layer  would  contain  high  dislocations  since 
threading  dislocations  develop  into  the  grown  layers. 
In  contrast  to  this,  results  shown  in  Fig.  3  show  the 
improvement  in  the  crystal  quality.  This  improve¬ 
ment  in  the  crystal  quality  indicates  that  the  reduc¬ 
tion  of  dislocations  also  occurs  during  the  cooling 
period  where  growth  is  interrupted.  This  was  caused 
by  the  annihilation  and  coalescence  of  dislocations 
during  the  movement  of  dislocations  which  was  in¬ 
duced  by  the  thermal  stress.  Although  the  exact 
mechanism  is  not  clear  for  the  reduction  of  disloca¬ 
tions  yet,  the  continuous  flow  of  DETe  may  also 
contribute  to  terminate  the  dislocations  at  the  surface 
of  the  buffer  layer. 

Since  the  thermal  stress  was  considered  as  the 
dominant  motive  force  for  the  dislocation  generation 
and  movement,  it  is  interesting  to  compare  the  effect 
of  the  thermal  stress  on  the  lattice  strain  for  layers 
grown  at  different  temperatures  and  on  the  sub¬ 
strates  with  different  thicknesses.  Tatsuoka  et  al. 
reported  that  the  strain  relaxes  with  increase  of  the 
thickness  of  CdTe  layer  up  to  10  pm,  and  that  constant 
residual  strain  remains  up  to  a  thickness  of  40  pm.19 
Their  results  were  obtained  on  (100)  CdTe  layers 
grown  on  (100)  GaAs  substrates  with  thickness  of  350 
pm  by  hot-wall  epitaxy  at  300°C.  In  contrast,  the 
results  for  CdTe  layers  grown  at  425°C  show  that  the 
strain  relaxes  more  rapidly  than  their  results  and 
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that  the  layers  become  strain  free  above  the  thickness 
of  5  pm.  Assuming  the  bimetal  model,20  we  have 
estimated  the  strain  at  the  surface  of  CdTe  layers  due 
to  the  thermal  stress.  The  estimated  strain  is  6.4  x  1CH 
which  is  almost  independent  of  the  CdTe  thickness 
from  1.0-10  pm  for  our  substrate  thickness  of 620  pm. 
This  strain  is  larger  than  the  reported  strain  of  about 
3.5  x  1CM  at  the  CdTe  thickness  of  40  pm.19  The 
estimated  strain  is  dependent  dominantly  on  the 
temperature  difference  between  the  growth  and  the 
measurement,  and  less  dependent  on  the  thickness  of 
substrates  down  to  100  pm  for  the  growth  at  425°C 
and  the  thickness  of  CdTe  from  1.0  to  10  pm.  Thus,  the 
large  thermal  stress  may  relax  the  lattice  strain  for 
layers  obtained  here.  If  the  relaxation  of  lattice  strain 
is  dependent  on  the  thermal  stress  and  not  dependent 
on  the  growth  procedure,  CdTe  layers  grown  at  275°C 
without  the  buffer  growth  at  425°C  may  show  the 
similar  variations  of  lattice  parameter  as  reported  by 
Tatsuoka  et  al.  since  the  strain  is  estimated  to  be  the 
similar  value.  This  will  be  confirmed  in  the  future. 

CONCLUSION 

Growth  characteristics  of  MCT  layers  in  MOVPE  at 
low  growth  temperature  of  275°C  were  studied  using 
DtBTe  as  tellurium  precursor.  Growths  were  con¬ 
ducted  in  a  vertical  narrow  spacing  growth  cell  at 
atmospheric  pressure.  Cd  composition  of  MCT  layers 
was  increased  with  DMCd  flow.  The  growth  rate  at 
275°C  was  constant  for  increase  of  DMCd  flow.  Dur¬ 
ing  the  growth,  Cd  was  incorporated  preferentially 
into  MCT  layers.  Enhancement  of  Cd  incorporation  at 
the  presence  of  Hg  was  also  observed.  Crystal  quality 
and  electrical  properties  of  layers  grown  at  275°C 
were  also  evaluated. 

Strains  in  CdTe  layers  grown  at  425  and  275°C 
were  also  evaluated.  Lattice  parameter  of  layers  grown 
at  425°C  approached  bulk  value  around  the  thickness 
of  5  pm,  while  layers  grown  at  275°C  approached 
around  1  pm.  The  rapid  strain  relaxation  of  layers 


grown  at  275°C  was  considered  due  to  the  layer 
growth  on  the  strain  relaxed  buffer  layer.  The  effect  of 
the  thermal  stress  on  the  relaxation  of  CdTe  lattice 
strain  was  also  discussed. 
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The  growth  of  CdTe  buffer  layers  on  (211)B  GaAs  substrates  by  organometallic 
vapor  phase  epitaxy  (OMVPE)  was  studied,  and  it  was  found  that,  depending  on 
the  growth  conditions,  either  the  (211)  or  (133)  epitaxial  orientation  could  be 
formed.  In  some  cases,  an  epilayer  showing  a  mixed  (211)  and  (133)  orientation 
was  also  observed.  The  influence  of  several  growth  parameters  on  the  ori¬ 
entation  of  the  CdTe  layer  was  investigated,  and  it  was  found  that  the  Te/Cd 
ratio,  together  with  the  growth  temperature,  have  the  most  significant  effect  in 
determining  the  epilayer  orientation.  From  these  results,  it  was  then  possible  to 
select  nominally  optimized  growth  conditions  for  CdTe  buffer  layers  of  both 
orientations.  (Hg,Cd)Te  layers  of  the  same  orientations  could  then  be  grown  and 
characterized.  Although  double  crystal  x-ray  diffraction  measurements  indi¬ 
cated  a  somewhat  better  crystalline  perfection  in  the  (133)  (Hg,Cd)Te  layers, 
these  layers  showed  a  poor  surface  morphology  compared  to  the  (211)  orienta¬ 
tion.  Measurement  of  etch  pit  densities  also  indicated  defect  densities  to  be 
typically  half  an  order  of  magnitude  higher  in  the  (133)  orientation.  Diodes  were 
formed  by  ion  implantation  in  both  orientations  and  significantly  better  results 
were  obtained  on  the  (211)  (Hg,Cd)Te  layers. 

Key  words:  CdTe,  HgCdTe,  organometallic  vapor  phase  epitaxy  (OMVPE), 
orientation  effects 


INTRODUCTION 

Although  CdTe  and  lattice  matched  (Cd,Zn)Te  have 
become  the  favored  substrates  for  the  growth  of  high 
quality  (Hg,Cd)Te  (MCT)  epilayers,  the  use  of  GaAs 
substrates  still  offers  the  possibility  of  large  area, 
high  quality  substrates  at  a  reasonable  cost.  The 
occurrence  of  the  phenomenon  of  dual  epitaxy  in  the 
growth  of  CdTe  on  GaAs  by  nonequilibrium  vapor 
phase  techniques  such  as  molecular  beam  epitaxy 
(MBE)  or  organometallic  vapor  phase  epitaxy 
(OMVPE)  is  well  known  for  this  large  mismatch 
system.  If  CdTe  is  grown  on  the  (100)  GaAs  face, 
either  the  (111)  or  the  (100)  epilayer  orientation  can 
be  formed.1-3  Both  these  orientations  are  plagued  by 
specific  defects  which  makes  them  unsuitable  for  the 
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growth  of  good  quality  MCT  layers;  in  the  case  of  ( 100) 
epilayers,  the  formation  of  growth  hillocks  tends  to 
lead  to  a  poor  surface  morphology,4’5  while  twinning  in 
the  growth  of  (111)  MCT  epilayers  degrades  the  elec¬ 
trical  characteristics  of  the  layers.6  7  This  has  stimu¬ 
lated  work  on  the  (hll)  faces  of  GaAs,  where  h  =  2,  3, 
5,  or  7.8’9  Again,  dual  epitaxy  has  been  reported  for  the 
cases  of  (211)B  and  (311)B  substrates.  In  the  case  of 
growth  on  the  (211)B  face,  the  formation  of  the  (211) 
or  ( 133)  epilayer  orientations  have  been  described,10’11 
while  both  the  (110)  and  (311)  orientations  have  been 
reported  on  (311)B  substrates.12-13 
This  paper  will  present  the  results  of  an  exper¬ 
imental  study  on  the  growth  of  CdTe  and  (Hg,Cd)Te 
layers  on  (2 1 1)B  GaAs  by  OMVPE.  The  purpose  of  the 
study  was  twofold;  firstly  to  investigate  the  influence 
of  various  growth  parameters  on  the  orientation  of 
the  epilayer  in  order  to  select  the  growth  conditions 
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Fig.  1 .  The  influence  of  various  surface  preparation  procedures  on  the 

factor  R  as  measured  during  three  different  growth  runs. 

needed  for  the  growth  of  good  quality  layers  of  either 
orientation.  Secondly,  to  grow,  characterize,  and  com- 
pare  (Hg,Cd)Te  epilayers  of  the  two  orientations  in 
order  to  decide  which  is  the  more  suitable  for  MCT 
epitaxy  and  device  processing. 

EXPERIMENTAL 


Epilayers  were  grown  in  a  horizontal,  RF  heated 
OMVPE  reactor  at  atmospheric  pressure.  Di- 
isopropyltelluride  (DIPTe),  dimethylcadmium 
(DMCd),  and  elemental  mercury  were  used  as  start¬ 
ing  materials.  The  interdiffused  multilayer  process 
(IMP)14  was  used  for  the  growth  of  (Hg,Cd)Te  layers, 
with  typical  growth  temperatures  from  355-375°C. 
Total  gas  flow  rate  through  the  reactor  was  2000  seem 
for  the  growth  of  the  HgTe  cycle  and  6000  seem  for  the 
growth  of  CdTe. 

The  polarity  of  the  GaAs  substrates  was  indicated 
by  the  vendor  and  no  further  experiments  to  confirm 
this  were  performed.  After  the  substrates  were 
degreased  by  several  rinses  in  hot  xylene  and 
isopropanol,  they  were  etched  in  a  5:1:1  solution  of 
H2SQ4,  H2Q2,  and  H20,  loaded  in  the  reactor  and 
subjected  to  a  pre-growth,  high  temperature  bakeout 
to  desorb  the  surface  oxide. 

The  orientation  and  crystalline  perfection  of  the 
layers  were  measured  by  double  crystal  x-ray  diffrac¬ 
tion  (XRD).  These  measurements  were  performed 
along  the  direction  of  maximum  tilt  between  epilayer 
and  substrate  and  along  the  direction  of  zero  tilt.  The 
422  and  133  diffraction  peaks  were  used  for  the  (211) 
and  (133)  orientations,  respectively,  and  the  signal 
from  each  peak  was  individually  optimized  at  each 
position.  The  value  of  the  intensity  and  the  full  width 
at  half  maximum  (FWHM)  value  for  each  peak  was 
then  averaged  over  that  obtained  in  the  two  directions 
of  tilt. 

The  surface  morphology  of  the  epilayers  was  char¬ 
acterized  using  optical  microscopy  and  a  scanning 
electron  microscope  (SEM).  Etch  pit  densities  (EPDs) 
on  the  (Hg,Cd)Te  layers  were  determined  by  using  the 
etch  of  Chen.15  Hall  measurements  on  the  (Hg,Cd)Te 
layers  were  performed  between  20  and  300K  and  with 
magnetic  fields  up  to  7  kG.  The  composition  and 
thickness  of  (Hg,Cd)Te  layers,  as  well  as  the  thick¬ 
ness  of  the  CdTe  layers  were  measured  by  Fourier 
transform  infrared  spectroscopy. 


RESULTS 

Initially,  CdTe  layers  were  grown  on  both  the  A  and 
B  (211)  GaAs  faces.  No  dramatic  differences  were 
found  in  the  surface  morphologies  of  the  CdTe  layers 
on  the  two  different  faces,  but  when  HgTe  or  (Hg,Cd)Te 
layers  were  grown,  the  A  face  always  yielded  an 
epilayer  with  a  very  poor  morphology.  These  epilayers 
showed  a  high  density  of  elongated  pyramids,  similar 
to  those  described  by  Bevan  et.  al.16  in  the  growth  of 
(Hg,Cd)Te  on  (211)A  (Cd,Zn)Te.  The  B  face,  on  the 
other  hand,  always  showed  a  much  smoother  surface 
morphology,  and  it  was  decided  to  proceed  with  fur¬ 
ther  work  on  this  face  only. 

During  the  first  few  growth  runs,  CdTe  layers  were 
grown  under  a  wide  range  of  growth  conditions  on 
(211)B  GaAs  substrates  and  the  XRD  results  on  these 
layers  indicated  that  three  possible  epitaxial  orienta¬ 
tions  were  possible.  Both  the  (211)  or  the  (133)  epilayer 
orientation  could  be  formed,  while  in  several  cases, 
layers  were  found  to  show  both  these  orientations,  as 
both  the  422  and  133  diffraction  peaks  were  found  to 
be  present  in  the  diffraction  spectrum.  The  layers 
which  showed  both  orientations  always  had  a  de¬ 
graded  surface  morphology  and  crystalline  structure 
compared  to  the  single  orientations.  The  growth  pa¬ 
rameters  used  in  these  initial  growth  runs  could  later 
be  used  as  a  rough  guide  to  growing  one  of  the  three 
possible  orientations.  When  (Hg.Cd)Te  layers  were 
grown  on  these  CdTe  buffers,  the  (Hg,Cd)Te  layers 
were  always  found  to  take  up  the  same  orientation  as 
the  buffer,  so  that  again  either  the  (133)  or  (211) 
orientation  could  be  formed.  In  the  cases  where  the 
buffer  layer  showed  a  mixed  orientation,  the  MCT 
layers  were  found  to  have  a  poor  surface  morphology 
and  degraded  crystalline  perfection. 

It  was  thus  decided  to  perform  a  systematic  study 
of  the  influence  of  various  growth  conditions  on  the 
CdTe  orientation.  The  growth  parameters  evaluated 
in  the  study  were  the  following: 

®  Substrate  surface  preparation. 

°  Pregrowth  bakeout  temperature. 

0  Growth  temperature. 

°  Te/Cd  ratio. 

©  Annealing  procedures. 

Factors  Determining  the  Orientation  of  CdTe 
on  (211)B  GaAs 

In  order  to  have  a  semi-quantitative  measure  of  the 
orientation  of  the  CdTe  layers,  the  factor  R  was 
defined,  with 

R  =  Log[I331/I422] 

where  I331  and  I422  are  the  intensities  of  the  331  and 
422  diffraction  peaks  obtained  from  the  epilayer.  If  no 
presence  of  a  particular  reflection  could  be  detected, 
the  intensity  of  that  reflection  was  set  equal  to  that  of 
the  background  signal.  The  larger  the  value  of  R,  the 
stronger  the  (133)  component  in  the  layer  was  thus 
found  to  be,  while  a  large  negative  value  for  R  indi¬ 
cated  a  strong  (211)  component.  In  general,  it  was 
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found  that  an  epilayer  showed  a  single  epitaxial 
orientation  when  R  >  |  2  I . 

Effect  of  Substrate  Preparation 

CdTe  layers  were  grown  in  a  single  growth  run  on 
four  substrates  which  had  different  surface  prepara¬ 
tions:  degreased  only,  etched  only,  degreased  and 
etched,  and  as-received.  Using  the  rough  growth 
parameter  guidelines  established  earlier,  an  epilayer 
that  was  expected  to  show  the  mixed  orientation  was 
grown  on  the  four  differently  prepared  substrates.  No 
significant  difference  in  the  values  of  R  between  the 
four  samples  were  obtained,  as  can  be  seen  in  the 
results  of  growth  run  1  in  Fig.  1 .  It  was  thus  concluded 
that  the  substrate  preparation  does  not  appear  to 
determine  the  epilayer  orientation.  This  experiment 
was  later  repeated  when  the  growth  conditions  were 
more  established  by  also  growing  (211)  and  (133) 
oriented  layers  on  these  four  substrates.  Again  little 
variation  in  R  was  observed  between  the  different 
substrate  preparations.  In  Fig.  1,  the  results  from  all 
three  growth  runs  are  shown. 

Effect  of  the  Pregrowth  Bakeout  Temperature 

A  series  of  CdTe  layers  was  grown  using  growth 
conditions  that  had  previously  been  found  to  yield 
layers  of  mixed  orientation.  The  pregrowth  bakeout 
temperature  was  varied  between  500  and  640°C 
through  the  series,  with  all  other  growth  parameters 
kept  constant.  Once  again,  this  parameter  was  found 
to  be  not  significant  in  determining  the  epilayer 
orientation  and  hence  a  pregrowth  bakeout  at  620°C 
was  used  for  all  further  growth  runs. 

Effect  of  the  Growth  Temperature 

This  parameter  was  found  to  have  a  strong  in¬ 
fluence  on  the  observed  orientation,  with  lower  growth 
temperatures  favoring  the  formation  of  the  (211) 
orientation.  Figure  2  shows  the  variation  of  R  with 
different  substrate  temperatures,  with  all  other  growth 
parameters  kept  constant. 

Effect  of  the  Te/Cd  Ratio 

The  ratio  of  DIPTe  to  DMCd  in  the  gas  phase  was 
varied  by  changing  the  relative  flow  through  the  two 
bubblers.  This  parameter  was  found  to  be  the  most 
critical  factor  in  determining  the  epilayer  orientation. 

It  was  found  that  a  high  Te/Cd  ratio  favored  the 
formation  of  the  (211)  orientation,  with  low  Te/Cd 
values  leading  to  a  predominantly  (133)  CdTe  epilayer. 

The  value  of  R  could  be  varied  between  R  =  1.8  to  R  = 

-2 . 5  by  variation  of  the  Te/Cd  flow  ratio  between  4  and 
16  at  a  temperature  of  365°C.  At  other  substrate 
temperatures,  similar  trends  were  observed,  although 
the  effect  is  not  as  dramatic  as  at  this  temperature. 

The  variation  of  R  as  a  function  of  both  growth  tem¬ 
perature  and  Te/Cd  flow  ratio  is  illustrated  in  Fig.  3. 

Effect  of  Post  Growth  Annealing 

The  effect  of  different  anneal  procedures  on  the 
orientation  and  structure  of  the  layers  was  studied. 
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Layers  were  subjected  to  a  15  min  post  growth  anneal 
at  the  growth  temperature  and  then  compared  to 
layers  grown  without  the  anneal. 

It  was  found  that  in  the  case  of  2-3  pm  thick  CdTe 
layers,  the  anneal  step  had  little  effect  on  the  ori¬ 
entation  or  structure  of  the  layer.  Annealing  a  2.5  pm 
CdTe  layer  with  a  R  =  0.5  yielded  essentially  the  same 
value  after  the  anneal.  However,  in  the  case  of  thin 
layers  (<0.5  pm),  an  increase  in  R  was  normally 
observed  after  the  anneal  step.  This  would  indicate 
that  some  preferential  growth  of  the  (133)  orientation 
can  take  place  using  these  anneal  conditions  if  the 
layers  are  thin  enough. 

Growth  Conditions  Selected  for  (211)  and  (133) 
Buffer  Layers 

From  the  above  results,  nominally  optimized  growth 
conditions  could  be  selected  for  the  growth  of  either 
the  (211)  or  (133)  CdTe  buffer  layer.  For  both  of  these 
orientations,  the  GaAs  substrates  were  similarly  pre¬ 
pared  by  degreasing  and  etching  and  both  received  a 
pregrowth  bakeout  at  620°C  for  10  min.  In  order  to 
induce  the  (211)  orientation,  epilayer  growth  was 
initiated  by  a  short  nucleation  step  at  355°C,  using  a 
Te/Cd  flow  ratio  of  16.  The  substrate  temperature  was 
then  increased  to  365°C  and  allowed  to  stabilize  for  5 
min.  At  the  same  time,  the  Te/Cd  flow  ratio  was 
decreased  to  10.  Growth  then  proceeded  for  the  de¬ 
sired  time.  This  lower  Te/Cd  flow  ratio  was  found  to 
yield  layers  with  a  better  surface  morphology. 

If  a  (133)  oriented  CdTe  layer  was  desired,  the 
nucleation  step  was  performed  at  a  temperature  of 
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Fig.  2.  The  variation  of  R  with  growth  temperature  with  all  other  growth 
parameters  kept  constant. 


R  =  Log  [I  (133) //  (422)] 


Fig.  3.  The  variation  of  R  as  a  function  of  Te/Cd  flow  ratio  at  different 
growth  temperatures. 
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375°C,  using  a  low  Te/Cd  flow  ratio  of  4.  The  substrate 
temperature  was  then  adjusted  to  365°C  and  the 
layer  was  given  a  15  min  anneal  at  this  temperature 
before  growth  proceeded  at  a  Te/Cd  flow  ratio  of  eight 
for  the  desired  time.  In  some  growth  runs  of  this 
orientation,  growth  was  also  interrupted  for  short 
anneal  steps.  This  procedure  appeared  to  yield  layers 
with  a  slightly  improved  crystalline  structure  as  indi¬ 
cated  by  the  FWHM  XRD  values. 

The  growth  conditions  used  to  obtain  CdTe  buffer 
layers  with  either  the  (211)  or  (133)  orientations  are 
now  summarized  in  Table  I. 

Using  these  growth  conditions,  it  was  found  pos¬ 
sible  to  consistently  produce  CdTe  layers  with  either 
the  (211)  or  the  (133)  orientation.  The  different  char- 


Table  I.  A  Summary  of  the  Growth  Parameters 
Used  to  Produce  (211)  and  (133)  Oriented  CdTe 
Buffer  Layers  on  (211)B  GaAs 


Growth  Step/ 
Parameter 

(211)CdTe 

(133)CdTe 

Pregrowth  Bake  out 

820°  C  for 

620°C  for 

10  min 

10  min 

Nucleation  Temperature 

355°C 

355°C 

Nucleation  Time 

3  min 

6  min 

Nucleation  Te/Cd 

16 

4 

Flow  Ratio 

Interrupt  Anneal 

5  min 

15  min 

Growth  Temperature 

365°C 

365°C 

Growth  Te/Cd 

Flow  Ratio 

10 

8 

Further  Anneal 

None 

Interrupt  Anneal 
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Fig.  4.  The  FWHM  of  the  133  and  422  x-ray  diffraction  peaks  plotted 
as  a  function  of  the  value  of  R. 


acteristics  of  these  two  orientations  will  now  be  dis¬ 
cussed  in  more  detail  in  the  next  section. 

Characteristics  of  the  (211)  and  (133)  CdTe 
Buffer  Layers 

Both  orientations  showed  good  morphologies  with  a 
specular  surface.  If  the  layers  were  grown  thicker 
than  2  pm,  some  deterioration  of  surface  quality  took 
place  and  the  layers  appeared  slightly  dull.  The  (211) 
layers  showed  the  best  surface,  with  a  very  smooth 
morphology.  Typically  the  surface  features  that  are 
seen  on  this  orientation  appear  to  be  dust  features 
from  the  growth  process  and  not  crystallographic 
growth  features.  The  (133)  orientation  tends  to  show 
some  small  triangular  growth  features. 

If  the  FWHM  values  measured  on  CdTe  layers  of 
approximately  2.5  pm  thick  of  the  two  orientations 
are  compared,  the  (133)  layers  consistently  tend  to 
show  the  narrower  half  peak  widths.  Typically,  this 
orientation  showed  values  of  90-100  arc-s,  compared 
to  the  140-150  arc-s  of  the  (211)  layers.  The  relative 
tilt  between  the  GaAs  substrate  and  the  epilayer  was 
also  measured  by  XRD,  and  it  was  found  that  the  (211) 
epilayer  showed  a  tilt  of  approximately  3.2°,  while  the 
(133)  epilayers  showed  a  tilt  of  only  0. 5°.  In  both  cases, 
the  tilt  is  in  the  same  direction,  with  the  tilt  axis  the 
<311>. 

The  influence  of  the  CdTe  orientation  on  the  crys¬ 
talline  quality  as  measured  by  the  FWHM  of  the  XRD 
peaks  is  illustrated  in  Fig.  4.  In  this  figure,  the 
FWHM  value  of  both  422  and  133  diffraction  peaks  is 
plotted  as  a  function  of  the  value  of  R.  As  the  FWHM 
values  will  also  show  a  significant  dependence  on  the 
layer  thickness,  only  CdTe  layers  thicker  than  1  pm 
were  plotted.  It  is  clear  that  a  drastic  improvement  in 
the  crystalline  quality  of  both  (211)  and  (133)  oriented 
layers  is  observed  when  R  >  |  2  | ,  i.e.  a  single  epilayer 
orientation  is  achieved.  If  the  mixed  orientation  is 
observed,  the  FWHM  values  increased  to  250  to  500 
arc-s,  compared  to  the  100  and  150  arc-s  typically 
observed  for  the  single  crystal  (133)  and  (211)  orien¬ 
tation,  respectively. 

Characteristics  of  (211)  and  (133)  (Hg,Cd)Te 
Epilayers 

(Hg,Cd)Te  epilayers  of  either  the  (211)  or  (133) 
orientation  could  then  be  grown  by  using  the  pro¬ 
cedures  described  in  the  section  entitled  Growth  Con- 


Table  II.  A  Comparison  of  the  Properties  of  (211)  and  (133)  Oriented  (HgCd)Te  Epilayers  Grown 

on  (211)B  GaAs  Substrates 

Epilayer  Property 

(211)  (HgCd)Te 

(133)  (HgCd)Te 

Surface  Morphology 

Very  smooth-some  small  (<5  pm)  features 

Approx.  102/cm2  growth  pyramids  (up  to 

15  pm  in  size) 

XRD  FWHM 

80-90  arc-s 

70-75  arc-s 

EPD 

5-20  X  106  cm-3 

1-7  x  IQ7  cm-3 

Carrier  Type,  Concentration 

P 

P 

(77K) 

2-6  x  1016  cm-3 

2-3  x  1016  cm-3 

R0A-Diodes 

0.5-0.85  Wcm2 

0.05-0.3  Wcm2 
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ditions  Selected  for  (211)  and  (133)  Buffer  Layers  to 
select  the  desired  orientation.  A  CdTe  buffer  layer  of 
typically  0.5  to  2.5  pm  thick  was  first  grown,  after 
which  a  (Hg,Cd)Te  layer  of  approximately  15  pm  was 
grown  continuously  using  the  IMP  process.  In  all 
cases,  the  (Hg,Cd)Te  epilayer  was  found  to  take  up 
the  orientation  of  the  CdTe  buffer. 

Surface  Morphology 

The  two  orientations  differ  markedly  in  their  sur¬ 
face  morphology.  The  (211)  epilayer  shows  a  smooth, 
specular  surface  with  very  few  features  visible.  Sur¬ 
face  features  which  are  present  are  also  fairly  small 
and  appear  to  be  the  results  of  gas  phase  nucleation 
rather  than  a  growth  related  phenomenon.  In  the  case 
of  the  (133)  orientation,  the  surface  shows  an  appre¬ 
ciable  density  (2-4  x  102  cmr2)  of  triangular  growth 
features.  These  features  have  dimensions  of  up  to  15 
pm  in  length  and  seriously  interrupt  the  surface 
morphology.  In  Fig.  5,  the  surface  morphologies  of  the 
two  orientations  are  contrasted. 

Crystalline  Structure 

Taking  the  FWHM  values  of  the  422  and  133 
diffraction  peaks  as  a  measure,  the  (133)  epilayers 
appear  to  show  a  somewhat  better  crystalline  perfec¬ 
tion.  Typical  FWHM  values  of  70-80  arc-s  are  ob¬ 
tained  on  the  ( 133)  epilayers,  while  the  (211)  epilayers 
yield  somewhat  larger  values  of  80-100  arc-s.  These 
results  are  in  contrast  with  the  results  of  etch  pit 
densities  counted  on  these  layers;  densities  of  5- 
20  x  106  cnr2  were  counted  on  the  (211)  epilayers, 
compared  to  the  1-7  x  107  cm-2  on  the  (133)  orienta¬ 
tion.  It  was  found  that  the  (133)  MCT  epilayers 
typically  showed  half  an  order  of  magnitude  higher 
EPDs  than  the  (211)  layers  grown  using  the  same 
growth  parameters. 

A  transmission  electron  microscope  (TEM)  in¬ 
vestigation  of  the  specific  defect  structure  of  each 
epilayer  is  currently  in  progress  and  should  yield 
more  information  on  the  specific  crystal  defects  present 
in  these  layers. 

Electrical  Properties 

Both  (Hg,Cd)Te  orientations  showed  typical  p-type 
behavior  in  their  Hall  measurements  from  20K  to 
room  temperature.  However,  the  (211)  orientation 
consistently  showed  a  somewhat  higher  77K  hole 
concentration  of  mid  to  high  1016  cm-3  compared  to  the 
low  1016  cmr3  found  in  the  (133)  epilayers. 

Device  Results 

An  initial  evaluation  of  the  suitability  of  these  two 
orientations  for  devices  was  made  when  linear  arrays 
of  diodes  were  processed  by  ion  implantation.  Both 
orientations  had  similar  compositions,  with  cut-off 
wavelengths  of  approximately  10.5  pm  at  80K.  Al¬ 
though  both  orientations  of  epilayers  showed  low  R0A 
values,  those  obtained  on  the  (211)  were  significantly 
better.  This  orientation  showed  R0A  values  of  0.5  to 
0.85  Qcm2,  which  were  significantly  better  than  the 
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Fig.  5.  Two  SEM  micrographs  illustrating  the  difference  in  surface 
morphologies  of  (133)  (a)  and  (211)  (b)  (Hg,Cd)Te  epilayers. 


0.05  to  0.3  Qcm2  obtained  on  the  (133)  orientation. 
The  (211)  orientation  thus  not  only  shows  higher  R0A 
values,  but  also  a  much  better  uniformity  over  the 
array.  Even  the  best  of  these  R0A  values  are  still  an 
order  of  magnitude  worse  than  can  be  expected  from 
good  quality  diodes  at  this  wavelength.  The  reason  for 
this  may  be  twofold;  firstly  EPD  measurements  have 
shown  that  both  epilayers  contained  high  dislocation 
densities  of  2  x  107and6  x  107  cm2  for  the  (211)  and 
(133)  orientation,  respectively.  Such  high  values  of 
dislocation  densities  may  well  lead  to  the  low  R0A 
values  observed.  A  second  reason  may  be  that  the 
process  for  diode  formation  is  not  yet  optimized  and 
optimization  of  the  different  process  steps  will  also 
lead  to  improved  diodes. 

The  properties  of  the  two  different  orientations  of 
epilayers  are  compared  in  Table  II. 

SUMMARY 

The  influence  of  various  OMVPE  growth  parameters 
on  the  orientation  of  CdTe  buffer  layers  on  (211)B 
GaAs  was  investigated.  The  ratio  of  Te/Cd  in  gas 
phase,  together  with  the  growth  temperature  were 
found  to  be  the  most  important  parameters  determin¬ 
ing  whether  the  (211)  or  (133)  epilayer  or  a  mixed 
orientation  would  be  formed.  Good  control  of  the  Te/ 
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Cd  ratio  was  found  to  be  critical  to  ensure  repeatable 
results.  Different  growth  procedures  were  then  devel¬ 
oped  for  the  repeatable  growth  of  each  orientation. 

(Hg,Cd)Te  layers  of  these  two  orientations  were 
grown  and  evaluated.  The  (211)  (Hg,Cd)Te  orien¬ 
tation  was  found  to  have  a  superior  surface  mor¬ 
phology.  Despite  the  fact  that  the  lower  FWHM  XRD 
values  of  the  (133)  orientation  would  seem  to  indicate 
a  better  crystalline  perfection,  EPD  measurements 
indicate  a  higher  dislocation  density  in  this  orienta¬ 
tion.  This  is  confirmed  by  the  poor  R0A  values  ob¬ 
served  for  diodes  fabricated  on  (133)  MCT  compared 
to  that  on  (211)  MCT. 

Unfortunately,  most  other  published  work  de¬ 
scribing  the  control  of  the  two  epilayer  orientations 
were  performed  by  MBE  so  that  it  is  difficult  to 
directly  compare  the  results.  Lange  et.  al.10  found  that 
the  epilayer  orientation  was  controlled  by  the  tem¬ 
perature  of  the  pregrowth  bakeout;  heating  to  a  tem¬ 
perature  of  535°C  yielded  the  (133)  orientation,  while 
preheating  to  550°C  yielded  the  (211).  On  the  basis  of 
x-ray  diffraction  work  as  well  as  transmission  elec¬ 
tron  microscopy,  they  found  the  (133)  epilayers  to  be 
of  superior  quality.10’17  This  was  ascribed  to  the  fact 
that  the  tetrahedral  bond  network  continues  from 
(211)  GaAs  to  (133)  CdTe  with  less  distortion  than  is 
the  case  for  a  (211)  epilayer.  Sasaki  et.  al.11  found  the 
orientation  to  be  controlled  by  the  substrate  tempera¬ 
ture,  with  all  epilayers  grown  above  290°C  having  the 
(133)  orientation.  At  290°C  epilayers  were  found  to 
contain  both  orientations,  with  only  the  (211)  formed 
below  this  temperature.  They  found  the  XRD  FWHM 
values  as  well  as  the  surface  morphology  to  improve 
when  epilayers  were  grown  near  290°C. 

Our  results  would  seem  to  indicate  that  the  (211) 
epilayer  orientation  is  the  better  for  device  processing 
due  to  both  a  better  surface  morphology  and  a  lower 


defect  density.  However,  no  systematic  work  on  im¬ 
proving  the  (133)  surface  morphology  or  lowering  the 
dislocation  density  in  either  of  the  two  orientation  has 
been  performed.  Only  when  these  issues  are  ad¬ 
dressed  can  a  final  conclusion  on  the  suitability  of  the 
two  orientations  be  reached. 
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Hg1  xCdxTe  diodes  (x~0.22)  with  different  carrier  concentrations  in  p  type 
materials  have  been  fabricated  by  employing  an  ion-implantation  technique. 
The  performances  of  the  diodes,  prior  to  and  after  low  temperature  post¬ 
implantation  annealing,  have  been  investigated  in  detail  by  model  fitting, 
taking  into  account  dark  current  mechanisms.  Prior  to  the  annealing  process, 
dark  currents  for  diodes  with  relatively  low  carrier  concentrations  are  found  to 
be  limited  by  generation-recombination  current  and  trap-assisted  tunneling 
current,  while  dark  currents  for  diodes  with  higher  carrier  concentrations  are 
limited  by  band-to-band  tunneling  current.  These  dark  currents  in  both  diodes 
have  been  dramatically  decreased  by  the  low  temperature  annealing  at 
120~150°C.  From  the  model  fitting  analyses,  it  turned  out  that  trap  density  and 
the  density  of  the  surface  recombination  center  in  the  vicinity  of  the  pn  junction 
were  reduced  by  one  order  of  magnitude  for  a  diode  with  lower  carrier  concen¬ 
tration  and  that  the  carrier  concentration  profile  in  a  pn  junction  changed  for  a 
diode  with  higher  carrier  concentration.  The  improvements  are  explained  by 
changes  in  both  carrier  concentration  profile  and  pn  junction  position  deter¬ 
mined  by  interaction  of  interstitial  Hg  with  Hg  vacancy  in  the  vicinity  of  the 
junction  during  the  annealing  process. 

Key  words:  HgCdTe,  IR  photodiodes,  low  temperature  thermal  annealing 


INTRODUCTION 

HgCdTe  is  the  most  important  material  for  fab¬ 
ricating  infrared  focal  plane  array  (IRFPA).  High 
performance  HgCdTe  FPAs  require  reducing  dark 
currents  in  each  diode  element.  The  dark  currents  are 
mainly  composed  of  diffusion  current,  which  arises  in 
n  and  p  neutral  regions,  and  generation-recombina¬ 
tion  (GR)  current  in  the  depletion  layer,  trap-assisted 
tunneling  (TAT)  current,  and  band-to-band  tunnel¬ 
ing  (RRT)  current,  magnitudes  of  which  depend  on 
crystal  quality  in  a  pn  junction  vicinity.  Although  the 
p  on  n  type  diode  structure  using  an  n  type  substrate 
with  longer  minority  carrier  lifetime  seems  superior 
to  the  n  on  p  type  in  the  long  wavelength  range,1-3  the 
n  on  p  type  is  still  in  the  state  of  the  art  for  fabricating 
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IRFPAs  with  planer  structure.4-6  Generally,  the  pn 
junction  in  n  on  p  type  diode  is  created  by  B  ion- 
implantation  in  p  type  material  doped  with  Hg  vacan¬ 
cies.  Then,  the  n  layer  is  formed  by  activating  B  ions 
and  interstitial  Hg  atoms  yielded  by  ion-implantation 
damage.7-8  The  implantation  process  introduces  lat¬ 
tice  damage  in  a  pn  junction  vicinity  and  increases 
dark  currents,  which  can  be  reduced  with  post-im¬ 
plantation  annealing  (PIA).  The  PIA  process  can  shift 
the  pn  junction  position  from  the  damaged  region  to  a 
deeper  part  of  the  HgCdTe  layer  by  compensating  for 
Hg  vacancies  in  the  layer,  due  to  thermal  instability 
of  interstitial  Hg  atoms.9 10  Therefore,  the  PIA  process 
improves  diode  characteristics,  namely,  it  reduces 
dark  currents  in  the  depletion  layer,  by  forming  a  pn 
junction  in  the  high  quality  region.  The  diffused  pn 
junction  position  is  determined  not  only  by  the  an¬ 
nealing  conditions  but  also  by  the  number  of  Hg 
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Table  I.  Material  Characteristics  of  HgCdTe  Diodes  and  Annealing  Conditions 


Sample  No. 

9D 

10A 

Carrier  Concentration  (cm-3) 

1.3  x  1016 

4.0  x  1016 

Mobility  (cmW s) 

580 

450 

Epitaxial  Layer  Thickness  (pm) 

20 

21 

Cutoff  Wavelentgh  Xc  @82K  (pm) 

10.21 

10.27 

Cd  Composition  x 

0.223 

0.222 

Intrinsic  Carrier  Concentration  U;  (cm-3) 

1.37  x  1013 

1.52  x  1013 

PIA1 

120°C/1.5H 

150°C/0.5H 

PIA2 

120°C/3H  +  150°C/1H 

150°C/1.5H 

Fig.  1 .  Cross  section  view  of  n  on  p  planar  type  HgCdTe  diode. 


vacancies  in  the  p  type  material,  according  to  the  Hg 
diffusion  mechanism.9  For  designing  IRFPAs,  the 
diffused  pn  junction  position  has  to  be  accurately 
controlled,  considering  the  relationship  between  car¬ 
rier  concentration  (Hg  vacancies)  and  annealing  con¬ 
ditions.  For  this  purpose,  the  low  temperature  PIA 
process  is  adequate.  Moreover,  it  is  essential  to  eluci¬ 
date  what  physical  parameters  are  influenced  by  PIA 
process. 

This  paper  presents  fabrication  of  two  kinds  of 
HgCdTe  diodes  with  different  carrier  concentrations, 
improvement  in  diode  performances  by  the  PIA  pro¬ 
cess  at  low  temperature  and  model  fitting  analyses  of 
the  diode  performances.  To  the  best  of  the  authors’ 
knowledge,  this  paper  is  the  first  report  wherein  the 
improved  diode  performances  achieved  by  low  tem¬ 
perature  PIA  process  are  quantitatively  related  with 
changes  in  physical  parameters,  such  as  trap  densi¬ 
ties  and  carrier  concentrations  in  the  pn  junction. 

DEVICE  STRUCTURE  AND  FABRICATION 

The  two  kinds  of  materials  used,  purchased  from 
Fermionics,  were  undoped  p  type  Hgl  xCdxTe  (x=~0.22) 
wafers  grown  on  CdZnTe  substrates  by  liquid  phase 
epitaxy  (LPE),  with  carrier  concentrations  of 
1.3  x  1016  and  4.0  x  1016  cm-3,  respectively. 

Two  kinds  of  diodes  were  made  on  each  material,  as 
indicated  below.  After  a  Br-methanol  etch,  a  100  nm 
CdTe  layer  for  the  passivating  surface11  was  depos¬ 
ited  in  the  moelcular  beam  epitaxy  (MBE)  chamber  at 
80°C  substrate  temperature,  preventing  out-diffu- 
sion  of  Hg  atoms  during  the  deposition.  The  n  on  p 
junction  was  formed  with  B  ion-implantation  through 
the  CdTe  layer  at  160  keV  energy  and  at  a 
2.5  x  1014cnr2  dose.  The  pn  junction  is  round  in  shape 


with  a  20  or  30  pm  diameter.  After  a  300  nm  ZnS  layer 
was  deposited  for  electrical  isolation  using  an  elec¬ 
tron-beam,  contact  holes  were  opened  through  the 
ZnS  and  the  CdTe  layer,  and  In  (1  pm  thick)  and  Au/ 
Ti  (300  nm/50  nm  thick)  were  evaporated  for  n-layer 
contact  and  p-layer  contact,  respectively.  Special  care 
was  taken  to  avoid  undesired  heating  (over  80°C)  of 
the  samples  during  the  fabrication  process.  The  diode 
structure  is  shown  in  Fig.  1.  These  diodes  were 
mounted  on  packages.  Table  I  shows  physical  pa¬ 
rameters  such  as  carrier  concentration  and  hole  mo¬ 
bility  in  the  material  on  which  two  kinds  of  diodes 
were  made. 

ANNEALING  PROCESS  AND  DIODE 
PERFORMANCES 

Interstitial  Hg  atoms,  which  are  created  in  the  pn 
junction  vicinity  by  ion-implantation,  are  easily  dif¬ 
fused  at  relatively  low  temperature  below  150°C,  due 
to  thermal  instability  of  the  Hg  atoms.  Therefore,  the 
improvement  in  diode  performance  by  low  tempera¬ 
ture  PIA  is  expected.  Moreover,  since  the  PIA  process 
can  be  carried  out  for  the  diodes  mounted  in  packages, 
improved  characteristics  of  the  same  sample,  before 
and  after  the  PIA  process,  are  directly  observed  and 
compared. 

Annealing  Process 

The  PIA  processings  were  implemented  at  120  and 
150°C  under  N2  gas  atmosphere.  Hg  out  diffusion  was 
neglected  because  of  surface  passivation  of  CdTe  and 
ZnS.  The  PIA  conditions,  including  annealing  time  for 
each  diode  in  this  study,  are  summarized  in  Table  I. 
These  conditions  were  determined  for  two  types  of 
diode,  considering  carrier  concentrations  of  p  type 
materials,  such  that  a  lower  temperature  was  chosen 
for  the  diode  with  lower  carrier  concentration.  It 
should  be  mentioned  that,  when  higher  annealing 
temperature  is  applied  to  the  diodes  with  low  carrier 
concentration,  pn  junction  shift  becomes  uncontrol¬ 
lably  large,  because  the  Hg  diffusion  is  too  fast. 

Diode  Performances 

Spectral  response,  current-voltage  (1-V)  and  dy¬ 
namic  resistance-voltage  (R-V)  characteristics  for  two 
diodes  were  measured  at  82K.  Figures  2a  and  2b  show 
the  spectral  responses,  for  sample  9D  and  for  sample 
10A,  respectively.  The  cutoff  wavelength  and  the  Cd 
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compositions  (x  values)12  are  10.21  pm,  x  =  0.223  and 
10.27  pm,  x  =  0.222,  respectively.  These  values,  along 
with  intrinsic  carrier  concentrations  calculated  from 
x  values,12  are  presented  in  Table  I. 

I-V  and  R-V  characteristics,  before  and  after  the 
PIA  process,  are  shown  in  Fig.  3  for  a  diode  with  lower 
carrier  concentration  (e.g.  sample  9D)  and  in  Fig.  4  for 
a  diode  with  higher  carrier  concentration  (e.g.  sample 
10A).  It  should  be  mentioned  that  several  other  diodes 
with  the  low  and  high  carrier  concentrations  showed 
characteristics  very  similar  to  those  in  Fig.  3  and  Fig. 
4,  respectively.  The  dark  currents  for  both  diodes  at 
reverse  bias  voltage  are  dramatically  decreased  by 


Wavelength  (microns) 


a 


b 

Fig.  2.  Relative  spectral  response  at  82K  for  the  HgCdTe  photodiode: 
(a)  for  sample  9D,  and  (b)  for  sample  1 0A. 
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individual  optimal  low  temperature  PIA  processes. 

Figure  3  confirms  that,  for  a  diode  treated  with 
PIA1  ( 120°C/1.5H),  dark  current  is  markedly  reduced 
and  that  dynamic  resistance  is  improved  over  one 
order  of  magnitude  in  reverse  bias  region  (e.g.  maxi¬ 
mum  value  is  30  MQ),  although  the  R0  value  for  the 
annealed  diode  becomes  a  little  bit  larger  than  the  R0 
value  for  an  unannealed  diode.  The  drastic  improve¬ 
ment  is  presumably  due  to  reduced  TAT  current 
which  limits  the  R-V  characteristics  at  this  bias  re¬ 
gion,  as  discussed  later.  On  the  other  hand,  R-V 
characteristics  for  a  diode  treated  with  PIA2  (120°C/ 
3H+  150°C/1H)  are  inferior  to  those  for  a  PIA1  treated 


Diode  voltage  (V) 

Fig.  3.  I-V  and  R-V  characteristics,  measured  at  82K,  for  a  diode  with 
a  lower  carrier  concentration,  1.3x1 016  crrr3  (sample  9D).  Pn  junction 
area  A  is  4.2  x  10-6  cm2  and  x  is  0.223. 


Diode  voltage  (V) 


Fig.  4.  I-V  and  R-V  characteristics,  measured  at  82K,  for  a  diode  with 
higher  carrier  concentration,  4.0  x  1016  cm-3  (sample  10A).  Pn  junction 
area  A  is  8.6  x  1016cm2  and  x  is  0.222. 
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reverse  bias  region  indicates  that  GR  current  mainly 
contributes  to  dark  current,  rather  than  TAT  current. 
The  inferior  characteristics,  caused  by  the  excessive 
PIA  for  diodes  with  lower  carrier  concentration  is 
ascribed  to  enlargement  of  the  pn  junction  periphery, 
resulting  from  pn  junction  position  shift  (see  the  next 
section).  These  experimental  results  show  that  the 
optimal  PIA  process  dramatically  increases  dynamic 
resistance  at  reverse  bias  for  diodes  which  show 
diffusion  current  like  the  characteristics  prior  to  the 
PIA,  although  it  hardly  changes  the  Ro  value.  There¬ 
fore,  the  PIA  process  is  useful  for  the  device  operated 
at  a  low  reverse  bias  voltage  (~50  mV),  such  as  FPAs. 

Figure  4  shows  I-V  and  R-V  characteristics  for 
diodes  with  p  type  carrier  concentration  as  high  as 
4.0  x  1016cm~3.  For  an  unannealed  diode,  a  dark 
current  at  zero  bias  is  dominated  by  BBT  current, 
because  of  the  higher  carrier  concentration.  The  PIA 
process  dramatically  improved  the  diode  performance. 
It  is  observed  that  the  R-V  characteristics  for  a  diode 
treated  with  PIA1  (150°C/0.5H)  are  dominated  by 
diffusion  current  around  zero  bias  voltage  and  by  BBT 
current  in  reverse  bias  region.  The  R-V  characteris¬ 
tics  were  much  more  improved  by  a  further  annealing 
process  (150°C/1.5H).  The  improvement  can  be  ex¬ 
plained  by  the  change  in  the  carrier  concentration 
profile  in  the  pn  junction  vicinity,  as  discussed  later  in 
detail. 


MODEL  FITTING  ANALYSES  FOR 
DYNAMIC  RESISTANCE 

Fitting  Model 

The  measured  R-V  characteristics  can  be  fitted 
with  a  combination  of  diffusion  current,  GR  current, 
TAT  current,  and  BBT  current.  Individual  current 
formulas  used  in  this  study  are  expressed  as  follows. 

Diffusion  Current 

Diffusion  current  dominates  dark  current  from 
around  0  bias  to  the  forward  bias  region.13  A  major 
contribution  to  the  diffusion  current  for  the  n  on  p 
type  diode  is  a  current  from  the  p  region  (Jdiff),  and, 
hence, 


J  =  J 

°  difif  °  OdifT 
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where  ni  is  the  bulk  intrinsic  carrier  concentration,12 
Na  is  acceptor  concentration  in  the  p  type  region,  that 
is  almost  Eg  vacancy,  and  ue  and  xe  are  minority 
carrier  (electron)  mobility  and  lifetime,  respectively. 

Generation-Recombination  Current 

Impurities  or  defects  located  within  the  space- 
charge  region  can  act  as  generation-recombination 


centers,  which  cause  GR  current.  Generation-recom¬ 
bination  current  is  expressed  as  follows.14 
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where  Vbi  is  the  built  in  voltage  for  the  pn  junction. 
The  function  f(b),  determined  by  recombination  cen¬ 
ter  energy  level,  intrinsic  Fermi  energy  level  and  bias 
voltage,  is  expressed  in  Ref.  14.  A  coefficient  J0GR, 
which  is  generated  by  recombination  centers  in  the 
space-charge  region,  is  divided  into  bulk  component 
and  surface  component  and  is  expressed  for  a  round 
shaped  diode  as  follows: 


^OGR  ^OGRb  ^OGRs 
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L0  Vbi  U  Vbi 


where  x0  is  effective  carrier  lifetime  in  space-charge 
region,  W0  is  depletion  layer  width  at  zero  bias,  s0  is 
surface  recombination  velocity,  and  d  is  diode  diam¬ 
eter. 


Band-to-Band  Tunneling  Current 

Band-to-band  tunneling  current  becomes  promi¬ 
nent,  as  the  bandgap  of  HgCdTe  is  small.  BBT  current 
is  expressed  as  follows.15’16 
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where  m*  is  the  effective  mass  characterizing  edges  of 
conduction  and  light-hole  bands,  h  is  Planck  constant, 
E  is  the  electric  field  in  the  space-charge  region,  and 
Ect  is  bandgap  energy. 

Trap-Assisted  Tunneling  Current 

Trap-assisted  tunneling  current  results  from  indi¬ 
rect  transition  by  way  of  intermediate  trap  sites  in  the 
junction  region.  Trap-assisted  tunneling  current  is 
expressed  as  follows.17’18 
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f(a)  =  — +  sin_1(l-  2  a)  +  2(1-  2a)A/a(l-  a) 


a  =  Et  /Eg  (7) 

where  Nt  is  trap  density  in  the  space-charge  region,  P  is 
Kane  matrix  element,  |  Wc  |  is  transition  matrix  ele¬ 
ment  between  trap  level  and  conduction  band,  and  Et  is 
trap  level.  It  is  reasonable  to  take  a  relation  Et  =  Ey2.17 
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When  model  fitting  is  carried  out,  several  fitting 
parameters  should  be  determined,  such  as  jre/xe  for 
diffusion  current,  s0  and  t0  for  GR  current,  ND  for  BBT 
current,  and  Nt  for  TAT  current  [see  Eqs.  (1-7)], 
where  ND  is  donor  concentration  in  n  side  region. 
First,  the  fitting  is  performed  in  forward  bias  region, 
considering  diffusion  current,  which  uniquely  deter¬ 
mines  p/ce.  Second,  BBT  current  mechanism  gives  an 
upper  limit  for  the  ND  value,  which  is  obtained  by  a 
fitting  procedure  in  the  large  reverse  bias  region 
(-0.2V).  Starting  with  this  ND  value,  the  R-V  curve, 
measured  in  the  small  reverse  bias  region,  can  be 
fitted  by  s0,  x0,  and  Nt  as  well  as  the  value.  This 
whole  fitting  procedure  yields  an  ambiguity  of  a  factor 
of  three  for  the  free  parameters  mentioned  above. 

Performance  Improvement  for  the  Diode  with 
Lower  Carrier  Concentration 

The  R-V  characteristics  for  the  diode  with  lower 
carrier  concentration  1.3  x  1016  cm-3  (e.g.  sample  9D), 
measured  both  prior  to  and  after  PIA  process,  are 
fitted  with  calculations  (see  Figs.  5a,  5b,  and  5c), 
using  formulae  mentioned  above.  It  can  be  seen  in 
Fig.  5a  that  the  R-V  characteristics,  measured  prior  to 
the  PIA  process,  are  fitted  with  diffusion  current  and 
GR  current  at  around  0  bias,  while  it  is  fitted  with  GR 
current  and  TAT  current  in  the  reverse  bias  region. 
The  discrepancy  between  the  measurement  and  the 


calculation  in  the  large  forward  bias  region  is  due  to 
the  diode  series  resistance. 

Figure  5b  shows  both  experimentally  obtained  and 
theoretical  R-V  characteristics  for  a  diode  treated 
with  120°C/1.5H  PIA  process.  At  around  0  bias,  the  R- 
V  characteristics  are  completely  limited  by  the  diffu¬ 
sion  current,  while  in  the  reverse  bias  region,  they  are 
dominated  by  GR  current  and  TAT  current.  Improve¬ 
ment  in  characteristics  is  found  to  be  caused  by  a 
reduction  in  surface  recombination  velocity  s0  and 
trap  density  Nt.  According  to  the  calculations,  Nt 
decreases  from  5  x  1012  cm-3  to  4  x  1011  cm-3  and  s0 
decreases  from  7  x  104  cm/s  to  5  x  103  cm/s.  These 
parameters  are  shown  in  Table  II.  Since  effective 
carrier  lifetime  t0  hardly  contributes  to  this  param¬ 
eter  fitting,  it  is  not  discussed  here.  The  improved 
surface  recombination  velocity  is  consistent  with  val¬ 
ues  for  the  CdTe  passivation  layer.19  Although  these 
values  for  trap  densities  are  not  exact,  because  of 
uncertainties  in  the  calculations  and  difficulty  in 
directly  measuring  the  value,  it  is  evident  that  trap 
density  is  reduced  by  the  PIA  process.  The  improve¬ 
ment  in  characteristics  or  in  these  parameters  can  be 
explained  as  follows.  The  PIA  process  diffuses  inter¬ 
stitial  Hg  atoms  into  a  deeper  part  of  the  p  type  region, 
so  that  the  pn  junction  position  shifts  from  the  dam¬ 
aged  region,  which  contains  many  trap  densities  and 
recombination  centers  created  by  ion-implantation 


Fig.  5.  Measured  (dot  symbol)  and  calculated  (solid  line  curve)  R-V  characteristics  for  a  diode  with  lower  carrier  concentration.  The  characteristics 
in  (a)  are  for  an  unannealed  diode.  Free  parameters,  with  which  the  characteristics  are  modeled,  are  as  follows:  \ij\  =  1 .7  x  1 014  cm2/Vs2,  s0  =  70000 
cm/s,  Nd  =  8.0  x  1015crrr3,  Nt  =  5.0  x  1012crrr3.  The  characteristics  in  (b)  are  for  a  diode  treated  with  PIA1  (120°C/1 .5H).  The  parameters  are  \xj 
x  =  2.5  x  1 014  cm2/Vs2,  s0  =  5000  cm/s,  ND  =  7.0  x  1 015  cm-3,  Nt  =  4.0  x  1 011  crrr3.  The  characteristics  in  (c)  are  for  a  diode  treated  with  PI A2  (1 20°C/ 
3H+150°C/1H).  The  parameters  are  |ie/xe  -  2.5  x  1014  cm2/Vs2,  s0  =  20000  cm/s,  ND=7.0  x  1015cnr3,  Nt  =  1.0  x  1012  cm-3. 


Table  II.  Fitting  Parameters  Adopted  in  Fitting  Models 


Sample  No. 

Anneal 

(°C/h) 

(j./uex  1014 
(cm2/V  s2) 

so 

(cm/s) 

Na  x  1016 
(cm-3) 

NDx  1016 
(cm'3) 

Ntxl012 

(cm-3) 

Ref. 

9D 

Unannealed 

1.7 

70000 

1.3 

0.80 

5.0 

Fig.  5a 

120/1.5 

2.5 

5000 

1.3 

0.70 

0.4 

Fig.  5b 

120/3+150/1 

2.5 

20000 

1.3 

0.70 

1.0 

Fig.  5c 

10A 

Unannealed 

50 

500000 

4.0 

3.3 

1.0 

Fig.  6a 

150/0.5 

50 

20000 

4.0 

1.05 

0.4 

Fig.  6b 

150/1.5 

50 

15000 

4.0 

0.65 

0.3 

Fig.  6c 
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Fig.  6.  Measured  (dot  symbol)  andcalculated  (solid  line  curve)  R-V  characteristics  for  a  diode  with  higher  carrier  concentration.  The  characteristics 
in  (a)  are  for  an  unannealed  diode.  Free  parameters,  with  which  the  characteristics  are  modeled,  are  as  follows:  p/ce  =  5.0x1 015cm2/Vs2,  s0  =  500000 
cm/s,  Nd  =  3.3x1  016  cm-3,  Nt  =  1 .0  x  1 012  cm-3.  The  characteristics  in  (b)  are  for  a  diode  treated  with  PIA1  (1 50°C/0.5H).  The  parameters  are  i ij 
ie  =  5.0  x  1 O13  cm2/Vs2,  s0  =  20000  cm/s,  ND=  1 .05  x  1016crrr3,  Nt  =  4.0x  1011  cm-3.  The  characteristics  in  (c)  are  for  a  diode  treated  with  PIA2  (150°C/ 
1.5H).  The  parameters  are  pe/xe  =  5.0  x  1015cm2/Vs2,  s0  =  15000  cm/s,  ND  =  6.5  x1015cm-3,  N{  =  3.0  x  10”  crrr3. 


process,  into  a  less  damaged  region. 

As  shown  in  Fig.  5c,  any  further  PIA  process  ( 120°C/ 
3H  +  150°C/1H)  degrades  the  R-V  characteristics.  In 
other  words,  the  dynamic  resistance  in  the  reverse 
bias  region  is  clearly  reduced,  as  compared  with  the 
R-V  curve  shown  in  Fig.  5b,  and  the  R-V  curve  be¬ 
comes  a  little  flatter,  which  indicates  that  GR  current 
becomes  more  dominant  than  TAT  current.  The  prob¬ 
able  reason  for  the  degradation  is  expressed  as  fol¬ 
lows.  By  a  further  PIA  process,  pn  junction  position 
shifts  excessively  and  reaches  a  region  containing 
more  dislocations  in  p  type  material,20  where  x0  is 
reduced,  due  to  larger  trap  density.  Therefore,  the 
bulk  component  of  the  GR  current,  rather  than  the 
surface  component,  increases,  which  suggests  that 
the  s0  value  may  not  be  as  large  as  the  value  presented 
in  Table  II. 

For  a  diode  with  a  lower  carrier  concentration,  the 
PIA  process  at  a  temperature  as  low  as  120°C  is 
desired.  Then,  an  appropriate  amount  of  Hg  atoms 
diffuses  into  a  deeper  part  of  the  p  layer  and  compen¬ 
sates  for  a  small  amount  of  Hg  vacancies.  If  the  diode 
is  treated  with  a  further  PIA  process  at  a  higher 
temperature,  such  as  150°C,  the  pn  junction  position 
shifts  beyond  the  optimal  position,  which  results  in 
degraded  characteristics. 

Performance  Improvement  for  a  Diode  with 
Higher  Carrier  Concentration 

As  shown  in  Fig.  6a,  R-V  characteristics  for 
unannealed  diodes  with  higher  carrier  concentra¬ 
tions  can  be  fitted  with  diffusion  current  and  BBT 
current,  using  parameters  tue/Te  =  50  x  1014  cmWs2,  NA 
=  4.0  x  1016  cm-3  (p  type  material  carrier  concentra¬ 
tion),  and  Nd  =  3.3  x  1016  cm-3.  The  discrepancies 
between  the  measurement  and  the  calculation  in  both 
the  large  forward  bias  region  and  the  large  reverse 
bias  region  are  due  to  the  diode  series  resistance.  The 
R-V  curve  looks  like  a  cusp,  with  a  peak  near  zero  bias, 
and  it  is  dominated  by  BBT  current.  Dynamic-resis¬ 


tance  voltage  characteristics  for  a  diode  treated  with 
150°C/0.5H  PIA  process  is  also  fitted  with  diffusion 
and  BBT  current  (see  Fig.  6b).  However,  the  diffusion 
current  becomes  dominant  at  around  0  bias  and  the 
bias  voltage,  which  gives  the  maximum  dynamic 
resistance,  is  shifted  to  the  reverse  bias  region  by 
about  30  mV.  A  value,  where  ND  =  1.05  x  1G16  cm-3  is 
used  as  a  fitting  parameter,  indicative  of  rr  region 
formation  by  the  PIA  process. 

Any  further  PIA  process  (150°C/1.5H)  improved 
the  R-V  characteristics,  which  are  fitted  with  dif¬ 
fusion  current,  GR  current,  and  BBT  current,  as 
shown  in  Fig.  6c.  The  RV  curve  in  the  reverse  bias 
region  changes  to  a  flat  shape  from  a  cusp  shape.  The 
reason  for  the  improvement  is  explained  as  follows. 
Because  the  additional  PIA  process  forms  a  little 
wider  n~  region,  BBT  current  is  greatly  reduced.  On 
the  other  hand,  the  wider  depletion  region  contains 
more  recombination  centers  and,  therefore,  GR  cur¬ 
rent  becomes  dominant.  The  fitting  is  carried  out, 
using  parameters  ND  =  6.5  x  1015  cm-3  and  s0  =  1.5  x  104 
cm/s.  Then,  the  MD  value  seems  close  to  the  back¬ 
ground  impurity  level,  because  the  n~  region  is  cre¬ 
ated  by  compensating  for  Hg  vacancies  in  the  p  layer 
with  interstitial  Hg  atoms.  Fitting  parameters  used 
in  these  analyses  are  summarized  in  Table  II. 

In  order  to  improve  the  characteristics  for  diodes 
with  higher  carrier  concentration,  the  PIA  process  at 
a  higher  temperature,  such  as  about  150°C,  is  de¬ 
sired.  Then,  more  interstitial  Hg  atoms  diffuse  into  a 
deeper  part  of  the  p  type  layer  and  compensate  for  Hg 
vacancies  in  the  layer  (n-  region  formation).  The  n~ 
region,  formed  by  the  PIA  process,  mainly  contributes 
to  an  improvement  in  diode  characteristics,  because 
the  characteristics  prior  to  the  PIA  process  are  domi¬ 
nated  by  BBT  current. 

CONCLUSION 

Improvement  in  the  diode  characteristics  for  the 
HgCdTe  n  on  p  structure,  brought  about  by  the  low 
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temperature  PIA  process,  was  studied  for  two  kinds  of 
diodes  with  low  and  high  carrier  concentrations.  The 
improved  characteristics  were  fitted  with  four  dark 
current  mechanisms. 

The  dark  current  for  a  diode  with  a  lower  carrier 
concentration  is  dominated  by  GR  current  and  TAT 
current  at  reverse  bias  voltage,  both  before  and  after 
the  PIA  processes.  Improvement  in  characteristics  by 
the  PIA  process  is  found  to  be  caused  by  a  reduction  in 
both  surface  recombination  velocity  and  trap  density, 
by  one  order  of  magnitude.  While,  before  the  PIA 
process,  the  dark  current  for  a  diode  with  a  higher 
carrier  concentration  is  dominated  by  the  BBT  cur¬ 
rent.  After  the  process,  the  GR  current  begins  to 
dominate  the  dark  current.  The  change  in  the  diode 
characteristics  is  explained  mainly  by  formation  of 
the  n-  region  by  the  PIA  process.  These  improvements 
for  two  diodes  with  different  carrier  concentrations 
are  explained  by  changes  in  both  carrier  concentra¬ 
tion  profile  and  pn  junction  position,  determined  by 
interaction  of  interstitial  Hg  atoms  with  Hg  vacancies 
in  the  junction  vicinity. 

In  conclusion,  the  diode  performances  are  improved 
by  the  low  temperature  PIA  process,  which  changes 
physical  parameters  in  the  pn  junction,  such  as  trap 
density,  surface  recombination  velocity,  and  carrier 
concentration  profile.  This  process  is  effective  for 
device  fabrication,  when  an  appropriate  annealing 
temperature  is  chosen,  considering  the  carrier  con¬ 
centration  in  the  p  type  layer. 
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Effect  of  Cooling  Procedure  After  Annealing  on 
Electrical  Properties  of  Cd02Hg08Te  Epitaxial  Films 
Grown  by  Liquid  Phase  Epitaxy 
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Optoelectronic  and  Microwave  Devices  Laboratory,  Mitsubishi  Electric 
Corporation,  4-1,  Mizuhara,  Itami,  Hyogo,  664  Japan 

Effect  of  cooling  procedure  after  annealing  on  the  electrical  properties  of 
Cd02Hg08Te  (CMT)  epitaxial  films  grown  by  liquid  phase  epitaxy  has  been 
investigated  to  obtain  the  CMT  films  with  low  carrier  concentration  of  1014  cm-3 
reproducibly.  Annealing  has  been  performed  at  the  temperature  range  from  260 
to  350°C  for  8  h  in  a  fixed  Hg  vapor  pressure.  The  quenching  and  the  gradual 
cooling  over  a  duration  of  200  min  after  annealing  have  been  employed  for  the 
cooling  procedures.  For  quenched  CMT  samples,  hole  concentration  decreases 
with  decreasing  anneal  temperature  and  conduction  type  conversion  from  p  to 
n  is  observed  at  300°C.  For  the  gradual  cooling,  all  samples  show  n-type 
conduction  for  all  annealing  temperatures.  Electrical  properties  of  annealed 
layers  strongly  depend  on  the  cooling  procedure.  The  difference  in  electrical 
properties  of  the  annealed  CMT  between  two  types  of  cooling  procedure  is  mainly 
attributed  to  the  difference  in  the  annihilation  of  Hg  vacancies  during  cooling 
procedure.  The  decrease  of  Hg  vacancies  during  quenching  is  negligible,  while 
Hg  vacancies  are  annihilated  during  gradual  cooling  by  rapid  Hg  diffusion.  The 
diffusion  coefficient  of  Hg  is  estimated  more  than  10-9  cm2/s  and  this  value  is  two 
orders  of  magnitude  larger  than  that  obtained  by  radiotracer  technique. 

Key  words:  HgCdTe,  Hg-rich  annealing,  Hg  vacancies,  thermal  annealing 


INTRODUCTION 

For  the  fabrication  of  photo  conductive  infrared  (IR) 
detectors,  n-type  Cd0  2Hg0  gTe  (CMT)  with  carrier  con¬ 
centration  range  of  low  1014  cnr3  is  needed  and  the 
annealing  after  growth  is  very  important  to  deter¬ 
mine  the  carrier  concentration.  In  order  to  obtain 
such  CMT  layers,  low  temperature  annealing  at  less 
than  300°C  has  been  widely  employed.1-7  However,  it 
is  difficult  to  control  the  carrier  concentration  repro¬ 
ducibly  at  the  low  carrier  concentration  range.  The 
variation  of  carrier  concentration  in  this  range  is 
believed  to  be  caused  by  the  residual  impurities  and 
by  the  variation  of  annealing  condition,8  but  it  has  not 
been  clear  how  the  free  carrier  concentration  is  actu¬ 
ally  determined. 

Furthermore,  few  papers  have  been  reported  on 
annealing  behavior  of  CMT  for  this  carrier  concentra- 
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tion  range.  In  order  to  reproducibly  obtain  high  qual¬ 
ity  CMT  layers  with  carrier  concentration  in  range  of 
low  1014  cm-3,  it  is  important  to  clarify  the  mechanism 
how  the  free  carrier  concentration  is  controlled  in 
such  low  level. 

We  have  investigated  the  effect  of  cooling  procedure 
after  annealing  at  temperatures  in  the  range  from 
260  to  350°C  on  the  electrical  properties  of  CMT 
layers  grown  by  liquid  phase  epitaxy  (LPE).  The 
quenching  and  the  temperature  controlled  gradual 
cooling  for  the  duration  of  200  min  after  annealing 
have  been  employed  for  the  cooling  procedure.  A 
constant  low  carrier  concentration  of  3  x  1014  cm-3 
with  mobility  more  than  2  x  105  cmW-s  in  the  gradu¬ 
ally  cooled  CMT  has  been  obtained  at  a  wide  tempera¬ 
ture  range  from  320  to  260°C.  The  quenched  samples 
show  the  conduction  type  conversion  from  p  to  n  with 
decreasing  anneal  temperature. 

In  this  paper,  we  have  concentrated  on  the  an¬ 
nealing  behavior,  especially  the  cooling  procedure 
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Fig.  1.  The  temperature  of  the  sample  and  the  Hg  reservoir  as  a 
function  of  cooling  time  after  annealing  at  320°C. 


260  280  300  320  340  360 

Annealing  TemperaturefC) 

Fig.  2.  77K  carrier  concentration  as  a  function  of  annealing  tem¬ 
perature  for  quenched  CMT  samples.  Solid  line  shows  the  calculated 
hole  concentraion. 

after  annealing.  We  compare  the  electrical  properties 
of  CMT  between  the  quenched  and  the  gradually 
cooled  samples,  and  then  discuss  how  the  carrier 
concentration  in  these  samples  are  determined.  And 
we  have  also  estimated  the  diffusion  coefficient  of  Hg 
during  cooling  procedure  after  annealing. 

EXPERIMENT 

CMT  layers  were  epitaxially  grown  on  ( 1 1 1)B  CdTe 
substrates  by  LPE  using  a  slider  boat  in  an  open  tube 
horizontal  system.9  Growth  started  at  480°C  and 
stopped  at  465°C.  All  the  as-grown  samples  had  layer 
thickness  of  about  25  um  and  showed  p-type  conduc¬ 
tion  with  carrier  concentration  of  1  to  2  x  10 17  cm-3 


with  Hall  mobility  about  400  cmW *s  at  77K.  Anneal¬ 
ing  was  carried  out  in  a  closed-tube  two-zone  system. 
Before  annealing,  the  samples  were  cut  into  six  pieces 
(usually  6x6  mm2)  and  were  soaked  in  organic 
solvents  followed  by  about  1  pm  etching  in  Br-metha- 
nol.  Annealing  temperatures  for  CMT  samples  were 
in  the  range  of 260-360  °C  and  mercury  pressure  was 
kept  at  0.1  atm  (250°C)  during  the  8  h  anneal.  After 
the  annealing,  the  ampoules  were  rapidly  quenched 
in  water,  or  gradually  cooled  in  the  furnace  to  lower 
than  50°C  in  200  min.  The  cooling  rate  of  the  CMT 
samples  is  about  120°C/h  for  first  1  h.  Figure  1  shows 
the  cooling  curves  both  for  the  CMT  sample  and  for 
the  Hg  reservoir  temperatures  after  320°C  anneal¬ 
ing.  During  gradual  cooling,  the  temperatures  of  the 
sample  and  the  Hg  reservoir  were  controlled  such 
that  Hg  precipitation  on  CMT  layers  was  avoided  and 
additional  Hg  vacancies  in  the  layers  were  also  avoided. 
In  order  to  investigate  the  dependence  of  cooling  time 
on  the  electrical  properties,  some  samples  were 
quenched  in  water  after  15  or  30  min  gradual  cooling 
in  the  furnace. 

The  composition  and  thickness  of  the  epitaxial 
layer  were  measured  by  the  Fourier  transform  in¬ 
frared  spectrometer  (FTXR)  at  room  temperature.  The 
electrical  properties  of  the  annealed  samples  at  77K 
were  evaluated  by  using  the  Van  der  Pauw  method.10 
The  Hall  measurement  data  were  usually  analyzed 
using  one-carrier  model.  However,  because  of  the 
extremely  lower  value  of  the  effective  mass  of  elec¬ 
trons  than  that  of  holes  in  CMT,  some  of  the  samples 
exhibited  n-type  conduction  even  when  hole  is  the 
majority  carrier.  This  is  especially  true  for  net  hole 
concentration  lower  than  TO16  cm-3.  In  order  to  ana¬ 
lyze  the  low  carrier  concentration  samples,  simple 
two-carrier  analysis  is  used  to  estimate  the  net  car¬ 
rier  concentration  more  precisely. 

In  a  semiconductor  containing  free  carriers  in  both 
the  conduction  band  (electrons)  and  the  valence  band 
(holes),  the  Hall  coefficient  RH  is  given  by 

R„>'p-'U;n)  (1) 

a2 

where  n  and  p  are  the  concentration  of  electron  and 
hole,  respectively,  pn  and  up  are  the  corresponding 
mobilities,  q  is  the  absolute  value  of  the  electronic 
charge,  and  o0  is  the  electrical  conductivity  given  by 

°0  =-=q(iann  +  ^pP)  (2) 

r 

where  p  is  the  resistivity. 

n*P  =  ni2  (3) 

where  m  is  the  intrinsic  carrier  concentration. 

The  values  of  ni?  p,  pn  pp  are  estimated  by  fitting 
self-consistently.  The  measured  values  of  RH  and  p  are 
fitted  to  theoretical  values  deduced  from  Eqs  (1),  (2), 
and  (3).  The  values  of  ni  is  taken  from  Hansen  et  al.11 
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RESULT  AND  DISCUSSION 
Quenching 

Figure  2  shows  the  carrier  concentration  and  mo¬ 
bility  at  77K  for  quenched  samples  as  a  function  of 
annealing  temperature.  With  the  decrease  of  an¬ 
nealing  temperature,  the  hole  concentration  decreases 
and  conduction  type  converts  from  p  to  n  and  finally 
the  electron  concentration  saturates  to  3  x  1014  cm-3. 
The  mobility  as  high  as  2  x  105  cmW-s  from  the 
sample  annealed  at  lowest  temperature  (260°C)  was 
obtained.  The  broken  line  shows  the  hole  concentra¬ 
tion  calculated  from  the  concentration  of  Hg  vacancy 
in  annealing  temperature,  deduced  by  using  the  mass 
action  constant  reported  previously.3  We  assumed 
that  the  Hg  vacancy  in  the  layer  was  doubly  ionized 
and  produced  two  holes.  The  solid  line  shows  the 
difference  between  the  calculated  hole  concentration 
and  the  saturated  electron  concentration  (3  x  lO^cnr3) 
determined  by  residual  donor  impurities.  The  cal¬ 
culated  carrier  concentrations  shown  by  solid  line 
agree  well  with  the  measured  values. 

These  results  indicate  that  the  free  carrier  concen¬ 
tration  of  quenched  CMT  layers  is  substantially  de¬ 
termined  by  the  difference  in  concentration  between 
residual  donor  impurities  and  holes  produced  by  Hg 
vacancies.  As  our  annealing  experiments  were  car¬ 
ried  out  in  low  temperature,  the  thermal  equilibrium 
in  CMT  layers  at  annealing  temperature  was  frozen 
in  by  quenching  in  water,  that  is,  the  concentration 
change  of  Hg  vacancy  in  the  CMT  during  quenching 
is  negligible. 

Gradual  Cooling 

Figure  3  shows  the  carrier  concentration  and  mo¬ 
bility  at  77K  for  gradually  cooled  samples  as  a  func¬ 
tion  of  annealing  temperature.  The  conduction  type  of 


these  samples  was  always  n-type.  The  electron  con¬ 
centration  of  3  x  1014  cm^3  and  the  Hall  mobility  as 
high  as  2  x  105  cmW-s  are  independent  of  annealing 
temperature  ranging  from  260  to  320°C.  Uniform 
electron  concentration  was  obtained  up  to  the  inter¬ 
face  between  the  CMT  layer  and  the  CdTe  substrate 
in  all  samples. 

These  results  indicate  that  the  low  electron  concen¬ 
tration  with  high  mobility  for  CMT  layer  is  obtained 
in  a  wide  annealing  temperature  range  by  using  a 
gradual  cooling  method.  The  electron  concentration 
of  the  layers  gradually  increases  with  the  decrease  of 
annealing  temperature  and  approaches  to  the  same 
saturated  value  as  that  for  the  quenched  sample.  This 
agreement  of  the  carrier  concentration  at  low  anneal¬ 
ing  temperature  indicates  that  the  carrier  concentra¬ 
tion  in  the  gradually  cooled  sample  is  also  determined 
by  the  difference  in  concentration  between  residual 
donor  impurities  and  holes  produced  by  Hg  vacancies. 
The  Hg  vacancies  in  the  CMT  layer  for  the  tempera¬ 
ture-controlled  cooling  just  prior  to  cooling  procedure 
have  been  almost  annihilated  during  the  gradual 
cooling. 

Cooling  Time  Dependence 

In  the  cooled  sample,  the  concentration  of  Hg  va¬ 
cancy  is  determined  by  the  difference  in  concentra¬ 
tion  between  the  Hg  vacancies  at  the  annealing  tem¬ 
perature  and  the  diffused  Hg  atoms  in  the  layer 
during  cooling.  The  decrease  of  Hg  vacancy  concen¬ 
tration  is  determined  by  the  surface  reaction  between 
Hg  and  the  CMT  layer,  and  by  the  Hg  diffusion  in  the 
CMT  layer.  Assuming  that  the  surface  reactions  are 
faster  than  the  Hg  diffusion,  the  decrease  of  Hg 
vacancies  in  the  CMT  layer  was  considered  to  be 
dominated  by  the  Hg  diffusion  in  CMT  layers.  Figure 
4  shows  the  dependence  of  carrier  concentration  on 
cooling  time  compared  with  calculated  hole  concen- 
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Fig.  4.  77K  electron  concentration  and  hole  concentration  estimated 
by  Hall  measurement  with  two  carrier  analysis.  The  solid  line  shows 
the  calculated  hole  concentration. 
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Fig.  5.  Calculated  diffusion  profile  of  Hg  with  various  diffuion  coeffi¬ 
cient:  (a)  1  x  10~12  cm2/s,  (b)  1  x  10-11  cm2/s,  (c)  1  x  10~10  cm2/s,  (d) 
1  x  10_9cm2/s,  and  (e)  1  x  10"8  cm2/s. 


C(x,  t)  =  C(0,  t)erfc(x  /  2VD  •  t ) , 

where  C  is  the  concentration  of  Hg  diffused  during 
cooling  process,  C(0,t)  is  the  concentration  of  Hg 
supplied  from  vapor  phase  during  cooling  at  the  CMT 
surface,  erfc  is  the  complementary  error  function,  x  is 
the  distance  from  the  surface,  D  is  the  diffusion 
coefficient  of  Hg,  and  t  is  the  diffusing  duration  (30 
min).  We  assume  that  the  Hg  concentration  at  the 
surface  is  constant  and  equal  to  the  concentration  of 
Hg  vacancy  at  annealing  temperature  [Cv  j,  and 
thus  there  is  no  mercury  vacancy  at  the  surface, 

C(0,t)  =  c0cVhb. 

We  also  assume  that  the  diffusion  coefficient  during 
cooling  is  constant  to  simplify  the  calculation  and  the 
thickness  of  the  CMT  layer  is  infinite.  Figure  5  shows 
the  calculated  diffused  Hg  concentration  profiles  vs 
distance.  The  diffusion  coefficient  as  large  as  4  x  10-11 
cm2/s  at  300°C  obtained  by  the  radiotracer  tech¬ 
nique12  was  reported.  However,  it  is  not  sufficient  to 
entirely  annihilate  Hg  vacancies  as  much  as  1  x  1015 
cm-3  in  the  CMT  layer  in  30  min  after  annealing.  As 
seen  in  Fig.  5,  diffusion  coefficient  over  1Q~9  cm2/s  is 
necessary  to  obtain  the  n-type  CMT  layer  by  gradual 
cooling  in  30  min  after  annealing.  This  value  is  two 
orders  of  magnitude  larger  than  that  obtained  by 
radiotracer  technique.  This  large  difference  in  dif¬ 
fusion  coefficient  is  considered  to  be  attributed  to  the 
difference  of  the  diffusion  mechanism.  In  the  case  of 
tracer  diffusion  experiment,  a  tracer  Hg  atom  has  to 
exchange  with  a  nonradiative  Hg  atom  in  the  CMT 
layer  and  the  tracer  atoms  diffuse  by  random  walk. 
On  the  other  hand,  in  our  experiment,  Hg  concentra¬ 
tion  gradient  makes  Hg  atoms  diffuse  into  the  layer 
and  Hg  atoms  diffuse  via  vacancies  without  exchang¬ 
ing  with  the  Hg  atoms  in  the  layer. 


tration  indicated  by  solid  line.  All  the  samples  were 
annealed  at  320°C.  Uniform  carrier  concentration 
was  obtained  up  to  the  interface  between  the  CMT 
layer  and  the  CdTe  substrate  in  all  samples.  The  hole 
concentration  is  calculated  from  the  concentration  of 
Hg  vacancies  assuming  that  at  each  temperature 
during  cooling  the  annealing  system  reaches  the 
thermal  equilibrium.  The  hole  concentration  decreases 
as  the  gradual  cooling  time  becomes  longer  and  it 
saturates  at  2  x  IQ13  cm-3  in  about  30  min.  The 
measured  hole  concentration  of  the  CMT  layers 
quenched  after  gradual  cooling  for  15  or  30  min  agrees 
well  with  the  calculated  ones.  This  agreement  indi¬ 
cates  that  Hg  atoms  diffuse  into  the  CMT  layers  fast 
enough  to  keep  the  thermal  equilibrium  during  cool¬ 
ing  at  cooling  rate  of  about  120°C/h. 

In  order  to  estimate  the  diffusion  coefficient  of  Hg 
atoms  in  the  CMT  layer  during  cooling,  the  cal¬ 
culation  of  the  Hg  concentration  profiles  as  a  function 
of  diffusion  coefficient  was  carried  out,  using  follow¬ 
ing  equation 


CONCLUSION 

The  carrier  concentration  of  annealed  CMT  layers 
is  determined  by  the  concentration  difference  be¬ 
tween  residual  donor  impurities  and  holes  produced 
by  the  Hg  vacancy.  The  Hg  vacancy  concentration  is 
determined  by  annealing  temperature  and  cooling 
procedure. 

High  mobility  CMT  films  with  electron  concen¬ 
tration  in  the  low  range  of  1014  cm-3  were  obtained  by 
gradual  cooling  method  at  wide  annealing  tempera¬ 
ture  range.  Hg  diffusion  into  the  CMT  layers  via  Hg 
vacancies  is  fast  enough  to  maintain  the  thermal 
equilibrium  during  cooling  at  the  cooling  rate  of 
120°C/h.  It  is  considered  that  diffusion  coefficient  in 
this  experiment  is  estimated  more  than  10-9  cm2/s  and 
this  value  is  two  orders  of  magnitude  larger  than  that 
obtained  by  radiotracer  technique.  During  this  cool¬ 
ing,  Hg  vacancies  in  the  CMT  layers  are  filled  with 
diffused  Hg  atoms. 

The  annealing  with  temperature  controlled  gradual 
cooling  is  one  of  the  most  effective  methods  to  obtain 
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high-quality  CMT  films  reproducibly  with  low  carrier 
concentration. 
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Theoretical  Evaluation  of  InTIP,  InTIAs,  and 
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We  have  evaluated  three  III-V  semiconductor  alloys — In^TlJ?  (ITP),  Inl  xTlxAs 
(ITA),  and  Int  ,T1  Sb  (ITS)— as  possible  candidates  for  future  long-wave  infrared 
(LWIR)  detector"1  materials.  The  cohesive  energies,  elastic  constants,  band 
structures,  electron  mobilities,  and  phase  diagrams  are  calculated  and  are 
compared  to  those  of  Hgj  xCdxTe  (MCT)  alloys.  The  band  gaps  of  all  three  III-V 
alloys  change  from  negative  to  positive  values  as  the  alloy  composition  x 
decreases  from  1  to  0.  The  x  values  for  the  0.1-eV  gap  are  estimated  to  be  0.67, 
0.15,  and  0.08,  respectively,  for  ITP,  ITA,  and  ITS.  While  both  ITP  and  ITA  form 
stable  zincblende  solid  solutions  for  all  alloy  compositions,  zincblende  ITS  is 
stable  only  for  a  range  of  x  less  than  0. 15.  The  complication  of  the  phase  diagram 
in  ITS  is  caused  by  the  existence  of  a  stable  CsCl  phase  for  pure  TISb.  The  alloy 
mixing  enthalpies  for  ITP  and  ITA  are  comparable  to  those  in  MCT,  and  their 
phase  diagrams  should  be  qualitatively  similar,  characterized  by  simple  lens- 
shape  liquidus  and  solidus  curves.  Both  ITP  and  ITA  have  considerably  larger 
cohesive  energies  and  elastic  constants  than  those  of  MCT ,  indicating  that  they 
are  structurally  robust.  At  a  0.1-eV  gap,  the  band  structures  near  the  gap  and 
the  electron  mobilities  in  ITP,  ITA,  and  ITS  are  also  found  to  be  comparable  to 
those  of  MCT.  Since  the  lattice  constants  of  TIP  and  TIAs  are  less  than  2%  larger 
than  the  respective  values  in  InP  and  InAs,  the  latter  should  provide  natural 
substrates  for  the  growth  of  active  LWIR  alloys  and  offer  a  potential  to  integrate 
the  detector  array  and  read-out  circuit. 

Key  words:  HgCdTe,  InTIP,  InTIAs,  InTISb,  IR  detectors 


INTRODUCTION 

We  have  proposed  that  the  alloys  Inl  xTlxP  and 
InlxTlxAs  have  properties  that  distinguish  them  as 
outstanding  candidates  for  infrared  (IR)  electro-optic 
receiver  and  emitter  devices.1  Details  of  the  methods 
used  to  do  the  calculations  have  been  published1  so 
only  the  results  of  importance  to  this  community  are 
extracted  for  presentation.  This  paper  concentrates 
on  the  properties  of  In^  xTlxP  in  the  long-wave  infra¬ 
red  (LWIR)  because  this  alloy  nearly  lattice  matches 
to  InP  substrates  and,  therefore,  offers  the  prospect  of 
integrated  laser  emitters,  focal-plane-array  (FPA) 
detectors,  and  read-out  integrated  circuits  (ROIC)  on 
the  same  chip.  This  capability  could  enable  use  of 
device  architectures  formerly  deemed  impractical 
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because  currently  used  LWIR  materials  are  inca¬ 
pable  of  supporting  them. 

DISCUSSION 

According  to  our  first-principles  theory,  the  fol¬ 
lowing  properties  of  TIP  make  it  an  attractive  IR 
material  candidate: 

®  It  forms  in  the  zincblende  structure. 

®  Its  lattice  constant  (5.96A)  closely  matches  that 
of  InP  (5.83A)  (so  the  pseudo-binary  In^TlP 
liquidus  and  solidus  phase  diagrams  have  simple 
lens  shapes). 

®  Its  cohesive  energy  per  atom  (2.56  eV/atom)  is 
58%  greater  than  that  of  HgTe  (1.62  eV/atom). 

•  It  is  a  semimetal  with  a  negative  gap  of -0.27  eV, 
about  the  same  as  that  of  HgTe  (—0.3  eV). 

The  accompanying  table  presents  the  properties  of 
the  alloy  with  a  0.1-eV  band  gap  that  are  related  to 
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Table  I.  LWIR  MCT  ITP  and  ITA  Properties  Comparisons 


-^•^0.78^^-Q,22f^e _  ^n0.33^0.67^  ^0.85^0.1  fA® 


Property 

Theory 

Experiment 

Theory 

Theory 

1 

EJeV] 

0.1 

0.1 

0.1 

0.1 

2 

E  b[eV/atom] 

1.66 

1.75 

2.75 

3.09 

3 

a  [A] 

6.45 

6.46 

5.92 

6.08 

4 

ftC0To[meV] 

14.5 

14.12 

34.6 

25.8 

5 

B[1012erg/cm3] 

0.46 

0.42 

0.61 

0.58 

6a 

dE/dx  [eV] 

1.71 

1.69  @  OK 

1.42 

1.80 

6b 

@  ft!„(77K)  =  0.1  [eV] 
dE/dT  [meV/K] 

0.36 

0.3 

—0.05 

7 

m^@  OK 

0.008 

-0.009 

0.008 

0.007 

8 

m^@  OK 

0.65 

0.38-0.71 

0.37 

0.375 

9 

9a 

jLie[cm2/V-s] 

@  80K 

1.07  x  105 

0.986  x  105 

6  x  104 

1.16  x10s 

9b 

@  200K 

2.24  x  104 

2.0  x  104 

4.5  x  104 

6.72  x  104 

10 

10a 

uh[cm2/V-s] 

@  77K 

600-1400 

10b 

@  200K 

— 

300-600 

_ 

11a 

teA[ns] 

— 

10 

t(MCT)  <  t(ITP) 

_ 

lib 

@  1016  [cm-3] 
tliA[ns] 

_ 

40 

LWIR-FPA  performance  and  processing.  The  salient 
features  are  the  following: 

0  The  alloy  concentration  is  x  =  Q.67,  and  the  con¬ 
centration  variation  of  the  gap  |  dEg/dx  |  is  1.42 
eV,  16%  smaller  than  that  of  Hg0  7SCd0  22Te  ( 1.69  eV). 

0  The  elastic  constants  are  -33%  larger  than  those 
of  the  LWIR  HgCdTe  alloy. 

®  The  transverse  optical  phonon  energy  is  34.6 
meV,  139%  larger  than  that  of  HgCdTe  (14.5), 
thereby  limiting  very-long- wave  infrared  utility 
to  \  <  36  urn  (this  is  the  only  negative  feature 
relative  to  HgCdTe). 

0  The  temperature  variation  of  the  band  gap2  dE  JdT 
near  77K  is  small  (-  -0.05  meV/K),  about  1/7  as 
large  as  that  of  HgCdTe  (0.36  meV/K)  (dE  JdT  for 
Hgi _xCdxTe  vanishes  near  x  =  0.5,  while  that  of 
In^Tl^P  vanishes  close  to  x  =  0.67,  the  LWIR 
concentration,  greatly  simplifying  designs  for 
variable  temperature  operation  and  eliminating 
spatial  variation  in  pixel  performance  caused  by 
temperature  gradients  over  array  areas). 

®  The  electron  effective  mass  is  0.008,  almost  iden¬ 
tical  to  that  of  HgCdTe  (-0.008). 

•  The  hole  effective  mass  is  0.37, 43%  smaller  than 
that  of  HgCdTe  (0.65)  (which  implies  higher  hole 
mobilities  and  substantially  longer  electron  Au¬ 
ger  recombination  lifetimes  for  InTIP). 

e  The  electron  mobility  at  80K  (6  x  104cm2/V-s)  is 
44%  smaller  than  that  of  HgCdTe,  but  it  does  not 
die  off  as  rapidly  as  temperature  increases;  con¬ 
sequently,  electron  mobility  at  200K  is  4.5  x  104 
cm2/V-s,  while  the  same  for  HgCdTe  is  2.24  x  104 
cm2/V-s,  only  half  as  large.  (This  means  the  high 
temperature  responsivity  should  not  degrade  as 
rapidly  in  InTIP.) 

ITA  also  has  some  virtues  as  an  LWIR  detector. 


While  InAs  is  not  as  attractive  a  substrate  as  InP 
(bond  energy  per  atom  3.10  eV),  it  is  still  better  bound 
than  CdTe  (2.20  eV).  The  gap  of  TIAs  is  predicted  to  be 
-1.34  eV,  so  the  LWIR  concentration  of  Inl  xTlxAs  is  x 
=  0.15.  The  predicted  cohesive  energy  per  atom  of  this 
alloy  is  3.09  eV,  far  better  than  that  of  LWIR  MCT 
(1.66  eV).  Perhaps  the  most  useful  property  of  ITA  is 
that  its  electron  mobility  falls  very  slowly  as  tempera¬ 
ture  increases,  so  at  2Q0°C  LWIR  ITAhas  pe  =  0.5  x  104 
cm2/V-s  compared  to  MCT  with  ge  =  2.24  x  104  cm2/V- 
s.  At  still  higher  temperatures,  the  ratio  of  electron 
mobilities  exceeds  a  factor  of  ten.  Thus,  minority 
carrier  responsivities  of  p-type  material  may  remain 
reasonably  high  at  high  temperature. 

This  collection  of  properties  (plus  the  extra  ease  of 
processing,  the  lower  defect  densities  expected  as  a 
consequence  of  the  high  cohesive  energy,  and  the  supe¬ 
rior  InP  and  InAs  substrates  [for  InP  there  are  three 
inch  diameter  wafers  available  with  average  disloca¬ 
tion  densities  of  -104  cm"2]3)  lends  support  to  the 
contention  that  Inl  xTlxP  will  prove  to  be  a  striking  LWIR- 
FPA  material,  and  there  may  be  niches  for  Inl  xTlxAs. 
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Band-edge  shifts  induced  by  the  electron-phonon  interaction  are  calculated  for 
HgCdTe  alloys  and  various  semiconductor  compounds  starting  from  accurate 
zero-temperature  band  structures.  The  calculated  temperature  variation  of  gaps 
agrees  with  experiments  to  better  than  10%  in  all  materials  except  InAs  and 
InSb  where  the  deviation  is  about  50%.  While  the  simple  picture  that  the  intra 
(inter)-band  transitions  reduce  (increase)  the  gap  still  holds,  we  show  that  both 
the  conduction  band  edge  Ec  and  valence  band  edge  Ev  move  down  in  energy. 
These  shifts  in  Ev  affect  the  valence  band  offsets  in  heterojunctions  at  finite 
temperature.  The  temperature  variations  of  valence  band  offset  and  the  electron 
effective  mass  are  also  reported. 

Key  words:  III-V  semiconductors,  band  offset,  electron-phonon  interactions, 
HgCdTe  and  alloys,  temperature-dependent  band  structures 


INTRODUCTION 

The  temperature  (T)  dependence  of  energy  gaps  of 
semiconductors  is  of  great  physical  and  technological 
interest.  The  quantities  such  as  band  offset  and  effec¬ 
tive  mass  depend  sensitively  on  the  temperature 
variation  of  band  edges.  Numerous  theoretical1"9  and 
experimental10"19  studies  have  been  undertaken  to 
obtain  both  qualitative  and  quantitative  variations  of 
various  gaps  in  semiconductors.  The  gap  decreases 
with  increasing  temperature  in  medium-gap  and  wide- 
gap  semiconductors,  and  it  increases  in  small-gap 
materials  such  as  HgCdTe,  PbS,  PbSe,  and  PbTe.  The 
thermal  expansion  of  the  lattice  and  electron-phonon 
interactions  are  usually  considered  causes  for  the 
temperature  variation  of  the  band  structures.  Ther¬ 
mal  expansion  always  reduces  gaps. 

In  a  perturbation-theory  treatment  of  electron- 
phonon  interactions,  the  intraband  transitions  re¬ 
duce  the  gap  whereas  interband  transitions  increase 
it,  and  the  net  shift  in  the  gap  can  be  positive  or 
negative.  Here  we  calculate  the  gap  variation  in 
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Hgx  xCdxTe  alloys,  GaAs,  InAs,  InSb,  InP,  and  CdTe 
compounds,  starting  from  accurate  band  structures, 
wave  functions,  proper  phonon  dispersion  relations, 
and  taking  account  of  matrix  elements  of  the  electron- 
phonon  interactions.  The  contributions  from  each 
phonon  branch  to  each  electron  band  have  been  ob¬ 
tained  to  assist  physical  understanding  of  the  under¬ 
lying  causes  of  the  variations.  We  show  that  both 
conduction  and  valence  band  edges  move  down  in 
energy.  When  the  valence  band  edge  moves  more  than 
the  conduction  band  edge,  the  gap  increases  with  T,  as 
in  the  case  of  some  Hg^Cd^e  alloys  with  x  <  0.5.  The 
reverse  occurs  for  all  III-V  compounds  studied  and 
Hgl  xCdxTe  with  x  >  0.5.  This  observation  has  an 
important  effect  on  our  understanding  of  the  varia¬ 
tion  of  band  offsets  in  semiconductor  heterojunctions. 
In  addition  to  the  gap,  other  features  of  the  band 
structure  change  with  temperature  and  will  affect  the 
spectral  variations  of  the  absorption  coefficient  and 
transport  properties. 

METHOD 

Our  calculation  of  the  temperature  dependence  of 
the  band  gap  starts  with  accurate  band  structures. 
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Fig.  1 .  Change  in  the  band  gap  of  Hg0  78Cd022Te  with  temperature. 


Empirical  pseudopotential  form  factors  are  used  to 
construct  a  hybrid  pseudopotential  tight-binding 
(HPTB)  Hamiltonian.  The  pseudopotential  part  of  the 
Hamiltonian  is  universal — it  applies  to  all  group  IV, 
III-Y,  and  II- VI  compounds.  The  smaller  tight-bind¬ 
ing  part  is  expressed  in  a  minimum  set  of  sp3  Slater 
orbitals  per  atom.  This  Hamiltonian  is  then  trans¬ 
formed  into  an  orthonormal  basis.  A  site-diagonal 
spin-orbit  Hamiltonian  is  then  added.  Parameters  in 
the  tight-binding  perturbation  are  chosen  to  fine- 
tune  the  band  structures  to  agree  well  with  experi¬ 
ments.20-1  Various  results  obtained  using  these  band 
structures  are  found  to  be  quite  reliable.21"23  The 
present  study  subjects  the  accuracy  of  the  wave  func¬ 
tions  as  well  as  the  energies  to  a  sensitive  test. 

The  dilation  contribution  to  the  band  gap  reduction 
is  given5’9  by  3aTB3E/3P,  where  the  thermal  expan¬ 
sion  coefficient  of  the  lattice  ocT,  the  bulk  modulus  B, 
and  the  change  in  the  gap  with  pressure  are  obtained 
from  the  literature.19  The  electron-phonon  interac¬ 
tions  with  all  phonon  branches  that  cause  the  band 
structure  changes  are  treated  in  perturbation  theory. 
The  total  Hamiltonian  is  assumed  to  be  a  sum  of 
potentials  from  single  atoms.  The  atomic  potential  in 
the  solid  is  traditionally  expanded  in  a  Taylor  series, 
with  only  the  leading  term  retained,  and  the  energy 
shifts  it  causes  are  evaluated  in  second-order  pertur¬ 
bation  theory.  However,  it  has  been  demonstrated  by 
a  number  of  researchers3’4’6  that  retention  of  first- 
order  perturbation  terms  with  a  second  term  in  the 
Taylor  series  expansion  is  necessary  to  preserve  sym¬ 
metry.  We  retain  both  terms.  The  change  in  the 
energy  at  a  given  wave  vector  k  is 


AEik  =<  nk|V2|nk  >  +£ 
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where  V2  and  V2  are  the  first  two  terms  in  the  Taylor 
expansion  of  the  total  electron-phonon  potential  in 
powers  of  atomic  displacements  In  the  TB  formal¬ 
ism,  Eq.  (1)  can  be  written  in  terms  of  the  matrix 
elements 

<lT«1V1|lja>=VV£ia.(d^)-(^iy-^lj),  (2) 

and  <  ljV|V2jlja  >=  ±^y., .  (V)2 Vao.(d^)  •  ^ , 
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where  d“,  is  the  position  vector  connecting  atomic 
sites  1,  species  (anion  or  cation)  j  and  site  1',  species  j', 
and  VJ(  d^, )  is  a  HPTB  matrix  element  between  the 
orbitals  a  and  a'  located  on  those  atoms.  From  the 
quantum  theory  of  harmonic  crystals,  the  atomic 
displacements  t,  can  be  expressed  in  terms  of  normal 
modes;  that  is,  phonons.  We  have 
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where  q  and  co  are  phonon  wave  vector  and  frequency, 
X  denotes  phonon  branch,  a(a+)  is  a  phonon  annihila¬ 
tion  (creation)  operator,  M  is  the  atomic  mass,  and  e 
is  an  eigenvector  in  a  diamond  or  zinc-blende  struc¬ 
ture  of  the  six- dimensional  dynamical  matrix  eigen¬ 
value  problem 

Mco2e  =  D(q)e  (5) 

Evaluation  of  the  matrix  elements  given  by  Eqs.  (2) 
and  (3)  requires  knowledge  of  spatial  variations  of  the 
interatomic  TB  matrix  elements  Vaa,.  In  Harrison’s 
universal  TB  approach,24  these  matrix  elements  scale 
as  d-2.  In  our  generalization,  we  assume  that  Vaa, 
varies  as  d~m  and  the  repulsive  first-neighbor  pair 
energy,  following  Harrison’s  overlap  argument,  as  r\/ 
d2m.  The  two  unknowns  m  and  r\  are  determined  by 
requiring  that  the  calculated  equilibrium  bond  length 
and  bulk  modulus  agree  well  with  experiments.  This 
approach,  with  electrons  and  phonons  treated  from 
the  same  underlying  Hamiltonian,  has  previously 
been  used  successfully  to  explain  hot  electron  transis¬ 
tor  characteristics23  and  is  also  in  fairly  good  agree¬ 
ment  with  first-principles  calculations.25  The  dynami¬ 
cal  matrix  D  is  calculated  from  the  valence  force  field 
model.26 

The  calculational  procedure  is  as  follows.  For  a 
chosen  material,  m  and  rj  are  evaluated.  Then  the  first 
and  second  derivatives  of  all  interatomic  matrix  ele¬ 
ments  are  obtained.  The  dynamical  matrix  is  diago¬ 
nalized  to  obtain  co  and  e  as  a  function  of  q  and  X.  The 
phonon  structures  and  electronic  band  structures  are 
used  [Eqs.  (1)  through  (4)]  to  obtain  the  change  in  the 
band  energy  at  a  given  k.  The  polar  coupling  terms  are 
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included  in  the  longitudinal  optical  phonon  con¬ 
tributions.  When  we  are  interested  in  studying  the 
change  in  the  direct  gap,  k  is  taken  to  be  zero. 
However,  when  the  temperature  variation  of  the 
effective  masses  or  indirect  gap  are  studied,  nonzero 
k  values  must  be  used  and  the  Brillouin  zone  summa¬ 
tion  in  Eq.  (1)  should  be  carried  over  the  entire  zone 
with  reduced,  or  no,  symmetry. 

RESULTS 

The  calculated  band-gap  change  as  a  function  of  T 
in  Hg0  7SCd0  22Te  is  shown  in  Fig.  1.  With  increasing  T, 
the  direct  gap  increases  in  Hg078Cd022Te.  Notice  that 
the  calculated  values  are  typically  within  10  to  15 
meV  of  experimental  values.16-18  The  cross  (x)  at  T  =  0 
represents  the  calculated  zero-point  correction  to  the 
gap  (13.6  meV  for  Hg078Cd022Te).  The  zero-tempera¬ 
ture  band  gap  calculated  without  electron-phonon 
interactions  should  have  this  correction  subtracted 
for  comparison  to  experimental  values. 

The  change  in  the  gap  is  traditionally  explained  in 
terms  of  inter-  and  intraband  interactions.  The 
intravalence  (conduction)  band  interactions  push  the 
valence  (conduction)  band  edge  up  (down),  thus  re¬ 
ducing  the  gap.  Similarly,  the  valence-conduction 
band  interactions  increase  the  gap.  Hence,  one  might 
expect  the  gap  to  decrease  in  wide-gap  semiconduc¬ 
tors  and  possibly  increase  in  small-gap  semiconduc¬ 
tors.  In  addition,  arguments  based  only  on  total  den¬ 
sity  of  states  and  ignoring  variations  in  matrix  ele¬ 
ments  will  predict  the  valence  band  edge  Ev  move  up 
in  energy,  because  the  hole  effective  mass  is  one  to  two 
orders  of  magnitude  larger  than  the  electron  mass.  As 
seen  from  Fig.  2,  our  detailed  calculations  of  band 
edge  movements  in  Hg0  78Cd0  22Te  do  not  support  this 
traditional  view.  We  find  that  both  Ec  and  Ev  (solid 
lines)  move  down  in  energy.  This  same  trend  is  ob¬ 
served  in  other  semiconductor  compounds  studied 
(GaAs,  InP,  InAs,  InSb,  and  GaSb).  The  movement  of 
the  valence  (solid  line)  and  conduction  (dashed)  band 
edges  due  to  interaction  with  other  bands  is  also 
shown  in  Fig.  2.  The  interaction  of  the  band  edges 


with  the  conduction  bands  (CBs)  is  much  stronger 
than  with  valence  bands  (VBs),  and  consequently 
both  Ev  and  Ec  move  down  in  energy.  Ev  moves  much 
more  than  Ec  and  the  gap  increases. 

We  analyze  the  strength  of  inter-  and  intraband 
electron-phonon  interactions  by  presenting  the  con¬ 
tributions  from  each  band  and  from  each  phonon 
mode.  Table  I  lists  the  calculated  values  for 
Hg078Cd022Te  at  300K.  Although  spin  is  included  in 
our  band  structure  calculations,  only  spin  averaged 
values  are  listed.  Band  indices  1  to  4  correspond  to 
VBs,  and  the  others  to  CBs.  The  first  two  rows  show 
changes  in  Ev  and  Ec  due  to  interactions  with  various 
bands.  Contributions  from  each  phonon  mode  are 
listed  in  the  remaining  rows.  The  lowest  VB  is  about 
12  eV  below  Ev  and  Ec,  and  hence  the  interaction  does 
not  affect  the  band  edges.  We  see  that  the  interaction 
with  other  VBs  tends  to  push  the  band  edges  up  in 


T(K) 


Fig.  2.  Variation  of  conduction  (dashed  line)  and  valence  (solid  line) 
band  edges  of  Hg078Cd022Te  with  temperature. 


Table  I.  Calculated  Change  in  the  Valence  (v)  and  Conduction  (c)  Band  Edge  Energies 

(in  meV)  of  Hg0  78Cd0  22Te  Alloy 


Band 

1 

2 

3 

4 

5 

6 

7 

8 

Total 

V 

5.90 

13.99 

56.85 

88.51 

-80.26 

-92.49 

-97.45 

-102.07 

c 

1.04 

2.84 

17.27 

34.07 

-23.81 

-25.43 

-43.96 

-42.48 

TA 

V 

4.03 

6.21 

30.06 

41.52 

-49.86 

-62.17 

-61.04 

-49.62 

c 

0.26 

0.65 

12.41 

27.47 

-3.58 

-14.81 

-24.50 

-15.40 

LA 

V 

0.91 

3.18 

3.14 

10.53 

-10.63 

-5.92 

-11.41 

-20.59 

c 

0.56 

1.29 

1.27 

1.72 

-14.94 

-3.00 

-2.66 

-7.17 

LO 

V 

0.33 

2.11 

6.12 

11.22 

-9.52 

-4.98 

-11.80 

-17.40 

c 

0.13 

0.63 

0.75 

0.44 

-3.78 

-2.45 

-1.18 

-7.31 

TO 

V 

0.63 

2.48 

17.53 

25.24 

-10.26 

-19.42 

-13.20 

-14.45 

c 

0.10 

0.27 

2.84 

4.44 

-1.52 

-5.16 

-15.62 

-12.59 

Note:  Contributions  from  interaction  with  various  phonon  modes  are  shown  in  rows  3  to  10. 
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Fig.  3.  Derivative  of  direct  gap  with  temperature  for  various  semi¬ 
conductor  compounds  and  ailoys  as  a  function  of  zero-temperature 
gap.  The  vertical  lines  represent  Hg078Cd022Te,  InSb,  InAs,  Hg05Cd05Te, 
GaAs,  and  CdTe,  respectively. 


Table  II.  Calculated  Eg  [meV],  y  [eV2],  c  [eVJ  ,and 
the  Effective  Mass  Ratio  of  Hg^>7gCd0#22Te  Alloy  as 
Functions  of  Temperature 


T 

Es 

Y 

c 

m*(T)/ 

m*(0) 

1.00 

113.60 

47.7656 

0.0588 

1.0000 

10.00 

112.67 

47.7553 

0.0588 

1.0005 

20.00 

112.56 

47.7169 

0.0592 

1.0072 

30.00 

114.44 

47.6421 

0.0598 

1.0199 

40.00 

117.15 

47.5582 

0.0607 

1.0361 

50.00 

120.42 

47.4461 

0.0615 

1.0532 

60.00 

123.96 

47.3310 

0.0624 

1.0714 

70.00 

127.65 

47.2091 

0.0634 

1.0904 

80.00 

131.44 

47.0821 

0.0643 

1.1095 

90.00 

135.28 

46.9418 

0.0653 

1.1288 

100.00 

139.17 

46.7964 

0.0662 

1.1483 

150.00 

158.85 

46.1544 

0.0712 

1.2529 

200.00 

178.73 

45.5930 

0.0767 

1.3669 

250.00 

198.68 

45.2441 

0.0832 

1.4938 

300.00 

218.66 

45.1167 

0.0908 

1.6342 

350.00 

238.65 

45.3460 

0.1000 

1.7913 

400.00 

258.66 

46.0193 

0.1115 

1.9672 

450.00 

278.67 

47.3751 

0.1263 

2.1657 

500.00 

298.69 

49.8338 

0.1468 

2.3919 

550.00 

318.71 

54.0581 

0.1763 

2.6491 

600.00 

338.74 

61.7125 

0.2238 

2.9445 

Note:  m*  (0)  is  0.008.  The  zero  point  correction  is  13.6  meV. 


energy,  as  expected.  Note  that  the  top  two  valence 
bands  contribute  the  most  to  the  fundamental  band- 
edge  changes.  However,  interaction  of  the  band  edges 
with  CBs  is  even  stronger  and  negative.  Particularly, 
the  interaction  of  Ev  with  all  conduction  bands  is 
strong.  As  Ev  moves  down  more  than  Ec,  the  gap 
increases  in  Hg0  78Cd0  22Te.  To  understand  the  role  of 


various  phonons,  we  display  the  contribution  from 
each  mode  separately.  The  phonon-induced  changes 
in  the  band  edges  at  300K  in  Hg0  78Cd0  22Te  are  listed 
in  the  third  through  tenth  rows  of  Table  I.  We  see  that 
acoustic  phonons  account  for  about  75%  of  the  total 
change  in  the  valence  and  conduction  band-edge  ener¬ 
gies.  The  selection  rules  wipe  out  interband  matrix 
elements  between  electrons  and  polar  longitudinal 
phonons,  so  in  spite  of  the  stronger  coupling  constant, 
they  do  not  dominate  this  phenomenon  as  they  do 
with  mobilities,  which  depend  on  intraband  matrix 
elements. 

Our  calculations  for  other  compounds  show  a  quali¬ 
tatively  similar  role  for  phonons.  In  addition  to 
Hg0  78Cd0  22Te,  we  studied  the  band-gap  variation  with 
temperature  in  GaAs,  InAs,  InP,  InSb,  GaSb,  and 
CdTe  compounds  and  HgCdTe  alloys.  The  gap  changes 
linearly  at  high  temperatures  (>150K).  The  calcu¬ 
lated  dEg/dT  values  (circle)  are  compared  with  experi¬ 
ments  (cross)  values  in  Fig.  3.  We  see  that  the  calcu¬ 
lations  produced  correct  trends  in  all  these  materials, 
but  compare  less  favorably  with  experiments  in  InAs 
and  InSb.  However,  it  is  important  to  note  that  the 
sign  of  the  change  is  not  exclusively  determined  by 
the  magnitude  of  the  zero-temperature  gap.  For  ex¬ 
ample,  although  Hg070Cd030Te  and  InSb  have  the 
same  zero-temperature  gap  of  0.235  eV,  the  InSb  gap 
decreases  with  T,  whereas  the  Hg0  70Cd030Te  gap  in¬ 
creases  with  T.  The  combination  of  gap  size,  conduc¬ 
tion  band  width,  and  intervalley  separations  gives 
rise  to  these  interesting  variations  in  the  gap  with  T. 

The  observation  that  both  Ev  and  Ec  move  down  in 
energy  has  an  important  effect  on  band  offsets  in 
heterojunction-based  devices.  For  example,  the  zero- 
temperature  valence  band  offset  between 
Hg0  78Cd0  22Te  and  CdTe  is  believed  to  be  around  350 
meV.  However,  we  find  that  at  300K,  Ev  in 
Hg0  78Cd0  22Te  and  in  CdTe  moves  down  by  215  and  30 
meV,  respectively.  If  the  dipole  contribution  remains 
the  same,  the  valence  band  offset  decreases  to  165 
meV  at  300K.  The  contention  that  the  dipole  contribu¬ 
tion  is  nearly  temperature  independent  stems  from 
the  observation  that  any  shift  in  the  average  effective 
crystal  potential  should  effectively  be  screened  out, 
since  these  semiconductors  are  good  dielectrics  ( e  > 
10).  The  temperature  variation  of  the  bands  should  be 
taken  with  respect  to  a  fixed  average  potential.  For 
our  Hamiltonian,  the  valence  band  edge  movements 
in  each  side  of  the  junction  are  calculated  with  refer¬ 
ence  to  a  fixed  average  state.  Thus,  the  calculated 
temperature  dependence  of  the  difference  in  the  VB 
edge  of  the  constituent  heterojunction  materials  ef¬ 
fectively  governs  the  temperature  dependence  of  the 
band  offset.  In  addition  to  the  electron-phonon  inter¬ 
actions  discussed  above,  lattice  dilation  changes  the 
band  edges  differently.9  This  effect  is  not  included 
here.  In  any  case,  this  band  offset  change  has  im¬ 
portant  implications  for  the  design  of  abrupt  het¬ 
erojunction  infrared  (IR)  absorption  and  confined 
well  laser  devices. 

In  principle,  the  band  structure  at  any  wave  vector 
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k  will  change  with  temperature.  With  the  change  in 
the  fundamental  gap,  the  band  curvature  (or  effective 
mass)  also  changes  thus  affecting  the  optical  and 
transport  properties  of  the  material.  The  self-energy 
calculated  in  this  method  will  include  the  effect  of 
scattering  due  to  phonons  and  the  change  in  the 
temperature-dependent  band  structure  self-consis- 
tently.  In  the  case  a  of  narrow-gap  material  such  as 
Hg078Cd0  22Te,  the  effective  mass  alone  does  not  ex¬ 
plain  the  low-energy  portion  of  the  conduction  band 
structure.  The  lowest  CB  energy  at  any  k  is  best 
described  by  a  hyperbola,27  (yk2  +  c2)1/2  -  c.  The  calcu¬ 
lated  band  gap,  effective  mass,  y,  and  c  as  functions  of 
T  are  given  in  Table  II.  The  effective  mass  and  c  are 
directly  proportional  to  the  gap  and  hence  monotoni- 
cally  increase  with  T.  This  is  expected  from  a  k  •  p 
theory  argument,  but  the  magnitudes  predicted  by 
the  two  theories  differ,  y  decreases  slightly  at  lower 
temperatures  and  then  starts  to  increase  with  T.  In  a 
previous  publication,27  we  had  simulated  these  tem¬ 
perature  variations  of  y  and  c  by  adjusting  the  Hg 
concentration  in  HgCdTe  alloys  to  produce  proper  gap 
at  each  temperature.  Those  values  are  in  remarkable 
agreement  with  the  values  reported  in  Table  II.  We 
conclude  that  y  and  c  (given  in  Table  II)  can  be 
interpolated  to  considerable  accuracy  for  any  positive 
gap  in  the  HgCdTe  alloys. 

CONCLUSIONS 

Although  the  calculations  produced  correct  trends 
in  all  materials,  the  calculated  changes  in  the  band 
gap  of  InAs  and  InSb  were  about  a  factor  of  two 
smaller  than  in  the  experiments.  We  find  that  our 
calculated  TA  phonon  frequencies  away  from  zone 
center  in  these  compounds  were  considerably  larger 
than  those  found  in  experiments.  As  noted  from  Table 
I,  a  substantial  contribution  comes  from  acoustic 
phonons.  Consequently,  our  theoretical  values  of  Eg 
(T)  are  smaller  than  in  experiments.  Better  predictabil¬ 
ity  should  result  from  improvement  in  the  dynamical 
matrix  calculated  from  the  underlying  Hamiltonian. 
In  addition,  at  higher  temperatures  higher-order  per¬ 
turbation  terms  must  be  included  along  with  finite- 
temperature  “renormalized”  bands  rather  than  the 
zero-temperature  bands.  Such  renormalization  af¬ 
fects  the  monotonic  change  in  the  gap  and  introduces 
nonlinear  terms. 

In  summary,  we  have  calculated  the  temperature 
variations  of  band  gaps  in  various  semiconductors.  A 
fairly  accurate  HPTB  Hamiltonian  is  used  in  the 
calculation  of  electron  and  phonon  structures.  The 
calculations  explain  the  increase  in  the  band  gap  of 
Hg0  78Cd0  22Te,  and  the  decrease  in  the  band  gap  of  all 
III-V  compounds  studied.  We  show  that  acoustic 
phonons  make  the  major  contribution.  Contrary  to 
traditional  thinking  based  on  total  density  of  states 
arguments,  we  find  that  both  the  valence  and  the 
conduction  band  edges  move  down  in  energy.  One 


important  consequence  of  this  observation  will  be  in 
the  band  offsets  in  semiconductor  heterojunction  de¬ 
vices.  Finally,  there  is  a  small  and  usually  negligible 
zero-point  motion  contribution  to  low-temperature 
band  gaps  arising  from  electron-phonon  interactions. 
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We  have  used  a  quasichemical  formalism  to  calculate  the  native  point  defect 
densities  in  x  =  0.22  Hg^CdJe  and  CdTe.  The  linearized  muffin-tin  orbital 
method,  based  on  the  local  density  approximation  and  including  gradient 
corrections,  has  been  used  to  calculate  the  electronic  contribution  to  the  defect 
reaction  free  energies,  and  a  valence  force  field  model  has  been  used  to  calculate 
the  changes  to  the  vibration  free  energy  when  a  defect  is  created.  We  find  the 
double  acceptor  mercury  vacancy  is  the  dominant  defect,  in  agreement  with 
previous  interpretations  of  experiments.  The  tellurium  antisite,  which  is  a 
donor,  is  also  found  to  be  an  important  defect  in  this  material.  The  mercuiy 
vacancy  tellurium  antisite  pair  is  predicted  to  be  well  bound  and  is  expected  to 
be  important  for  tellurium  antisite  diffusion.  We  consider  the  possibilities  that 
the  tellurium  antisite  is  the  residual  donor  and  a  Shockley-Read  recombination 
center  in  HgCdTe  and  suggestions  for  further  experimental  work  are  made.  We 
predict  that  the  cadmium  vacancy,  a  double  acceptor,  is  the  dominant  defect  for 
low  cadmium  pressures,  while  the  cadmium  interstitial,  a  double  donor,  domi¬ 
nates  at  high  cadmium  pressures. 

Key  words:  CdTe,  defect  complexes,  defects,  HgCdTe 


INTRODUCTION 

The  pseudobinary  semiconductor  alloy  Hgl  xCdxTe 
with  x  =  0.22  is  currently  the  material  of  choice  for 
high-performance  detectors  in  the  long-wavelength 
infrared  (LWIR)  (8—14  pm).  Unlike  most  other  II-VI 
systems,  both  extrinsic  p-  and  n-type  doping  can  be 
achieved  in  HgCdTe,  although  in  as-grown  material 
the  electrical  characteristics  are  often  determined  by 
native  point  defect  concentrations.  Understanding 
the  properties  of  point  defects  and  manipulation  of 
their  densities  during  growth  and  processing  is  essen¬ 
tial  to  high-yield  manufacturing  of  focal  plane  arrays 
(FPAs).  As  in  other  semiconductors,  it  is  difficult  to 
establish  the  presence  and  identity  of  all  the  im¬ 
portant  neutral  and  compensating  point  defects  dur¬ 
ing  growth  and  processing,  much  less  to  determine 
their  concentrations.  CdTe  is  important  both  as  a 
substrate  and  passivating  material  for  epitaxial  lay- 
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ers  of  LWIR  HgCdTe.  Native  point  defects  are  of 
interest  in  CdTe  in  that  they  relate  to  its  stoichiom¬ 
etry  (which  in  turn  has  been  shown  to  impact  the 
minority  carrier  lifetimes1  in  HgCdTe  devices),  the 
formation  and  annihilation  of  tellurium  precipitates,2 
and  the  self-  and  inter-diffusion  coefficients  that  im¬ 
pact  materials  stability  during  growth,  during  subse¬ 
quent  processing,  and  over  the  device  lifetime. 

Our  goal  in  this  paper  is  to  theoretically  identify  the 
important  native  defects  in  HgCdTe  and  CdTe,  to 
calculate  their  densities  as  a  function  of  growth  and 
processing  conditions,  to  validate  our  predictions  by 
comparison  with  experimentally  deduced  properties 
of  the  native  defects,  and  to  suggest  new  experiments 
to  begin  to  unravel  the  remaining  mysteries  in  these 
materials.  We  have  included  in  our  analysis  of  HgCdTe 
both  neutral  and  ionized  states  of  eight  native  point 
defects  and  one  defect  pair.  Our  focus  is  on  x  =  0.2  (for 
comparison  to  annealing  data),3  x  =  0.22  (for  LWIR 
applications),  and  x  =  1  (for  substrate  and  passivating 
layers)  Hgl  xCd.Te.  As  we  will  show,  we  have  at- 
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tempted  to  incorporate  all  of  the  important  contribu¬ 
tions  to  the  defect  formation  free  energies  and  adopt 
a  first-principles  approach  for  most  of  the  quantities 
we  calculate. 

METHODOLOGY 

To  calculate  the  concentration  of  the  native  point 
defects  in  HgCdTe,  we  employ  a  quasichemical  for¬ 
malism4  in  which  the  formation  of  independent  crys¬ 
talline  defects  is  expressed  as  chemical  reactions.  For 
example,  for  the  formation  of  the  neutral  mercury 
vacancy  in  HgTe  with  the  mercury  vapor  as  the 
reference  phase,  we  have  the  reaction 


HgTe  V*gTe  +  Hgvapor.  (1) 

Our  notation  is  that  of  Kroger4  in  which  the  primary 
symbol  is  the  defect  species  and  the  subscript  indi¬ 
cates  the  site  the  defect  occupies;  V  indicates  the 
vacancy,  and  I  the  interstitial,  and  no  subscript  indi¬ 
cates  the  species  is  occupying  its  normal  lattice  posi¬ 
tion;  x  indicates  the  neutral  defect  species.  Although 
we  have  chosen  the  mercury  in  the  vapor  phase  as  our 
reference  and  thereby  will  choose  a  mercury  pressure 
to  determine  the  chemical  potential  of  mercury  in  the 
system,  one  could  have  chosen  some  other  reference 
state  for  the  mercury  or  tellurium  (for  example,  by 
specifying  a  binary  solution  of  Hgl  yTev  at  some  tem¬ 
perature  T  in  coexistence  with  the  HgTe  solid,  as  is 
essentially  done  during  liquid  phase  epitaxy  [LPE] 
growth).  For  our  equilibrium  calculations,  the  limits 
of  mercury  pressures  within  the  existence  region  of 
Hgj xCdxTe  are  taken  from  experiment.5 

In  a  similar  manner,  reactions  can  be  written  for  the 
other  point  defects  of  the  system.  In  our  analysis,  we 
have  included  eight  native  point  defects  (plus  their 
ionized  species  and  the  electron  and  hole):  the  mer¬ 
cury  and  tellurium  vacancies  (VHg  and  VTe),  the  mer¬ 
cury  and  tellurium  antisites  (HgTe  and  Te*  ),  and  two 
types  of  mercury  and  tellurium  tetrahedral  inter¬ 
stitials — one  surrounded  by  four  cation  near-neigh¬ 
bors  ( HglH  and  Te,  ^ )  and  the  other  surrounded  by 
four  anion  near-neigfibors  ( Hg,  and  Tet  ).  We  have 
also  included  the  bound  mercury  vacancy  tellurium 
antisite  pair  (VHg-TeHg)pair,  in  which  the  vacancy  and 
antisite  occupy  near-neighbor  cations  sites,  via  the 
reaction 


VHg  +  TeHg  (VHg  +  TeHg)pair'  (2) 

For  low  densities  of  noninteracting  defects,  the  law  of 
mass  action  can  be  used  to  determine  the  neutral 
defect  concentrations.  For  the  mercury  vacancy,  this 
corresponds  to 


Kv 


=  9  exp 


V 

v  ksTy 


(3) 


where  Fv  is  the  reaction  free  energy  for  the  neutral 
mercury  vacancy,  kB  is  Boltzmann’s  constant,  T  is  the 
temperature  in  kelvin,  and  0  is  the  number  of  unit 
cells  per  volume.  Thus,  once  the  reaction  free  energy 


is  known,  it  is  straightforward  to  calculate  the  defect 
concentrations.  Of  course,  all  the  work  is  involved  in 
the  calculation  of  the  reaction  free  energies. 

We  have  attempted  to  calculate  all  of  the  important 
contributions  to  the  defect  reaction  free  energies.  An 
electronic  contribution  to  the  free  energy  results  from 
the  change  in  the  total  electron  energy  of  the  solid 
when  a  neutral  defect  is  created;  included  in  this 
energy  is  the  electronic  energy  of  free  mercury  atoms 
generated  or  consumed  in  the  defect  reaction.  To 
calculate  the  electronic  contribution,  we  employ  the 
self-consistent  first-principles  full-potential  linear¬ 
ized  muffin-tin  orbital  method6  and  the  local-density 
approximation  (LDA),  including  gradient  corrections 
of  the  Langreth-Mehl-Hu  type7  (which  greatly  im¬ 
proves  the  overbinding  found  in  the  LDA).8'9  The 
vibrational  modes  of  the  system  are  also  changed 
when  a  defect  is  created;  we  calculate  this  change  to 
the  formation  free  energy  (both  the  enthalpy  and 
entropy)  using  a  Green’s  function  formalism  within  a 
valence  force  model  plus  point-charge  ionic  model.  An 
entropy  contribution  to  the  formation  free  energy  also 
arises  from  the  partial  occupation  of  degenerate  lev¬ 
els  associated  with  the  defect  and  from  the  introduc¬ 
tion  of  a  preferred  direction  via  a  symmetry-lowering 
Jahn-Teller  distortion.10  The  combination  of  the  elec¬ 
tronic,  vibrational,  degeneracy,  and  translational  (for 
the  calculation  of  the  chemical  potential  of  the  mer¬ 
cury  atom  in  the  vapor  phase)  free  energies  en¬ 
compasses  the  primary  contributions  to  the  total 
defect  formation  free  energies  when  referenced  to  a 
mercury  vapor.  Details  of  the  results  for  these  ener¬ 
gies  are  given  in  Ref.  9.  We  have  completed  only 
preliminary  calculations  for  the  binding  energy  of  the 
mercury  vacancy  tellurium  antisite  pair  indicated  in 
Eq.  (3),  using  a  32-atom  supercell  and  with  overall 
lattice  constant  relaxation  only.  We  expect  that  this 
defect  may  show  further  relaxation,  which  could  lower 
the  defect  pair  binding  energy  and  therefore  increase 
their  density. 

Although  we  are  interested  in  studying  the  prop¬ 
erties  of  point  defects  in  HgCdTe,  the  neutral  defect 
reaction  free  energies  are  calculated  for  HgTe;  be¬ 
cause  we  predict  that  the  defects  with  highest  concen¬ 
trations  (the  mercury  vacancy  and  the  tellurium 
antisite)  reside  on  the  cation  sublattice  and  therefore 
have  four  tellurium  atoms  for  first  nearest  neighbors, 
we  expect  that  the  presence  of  cadmium  will  intro¬ 
duce  a  minor  modification  to  the  formation  free  ener¬ 
gies,  and  of  the  order  of  other  approximations  made  in 
the  calculation  (for  example,  using  supercells).  The 
presence  of  cadmium  may  have  a  larger  impact  on 
interstitial  formation  free  energies,  which  can  occupy 
sites  with  cations  as  near-neighbors.  Although  we 
find  the  density  of  interstitials  to  be  relatively  low,9 
the  cation  interstitial  in  particular  is  very  important 
in  annealing  of  HgCdTe.12  For  the  present,  we  have 
included  the  effects  of  the  cadmium  only  by  adjusting 
the  number  of  sites  available  for  mercury  vacancies 
and  in  calculating  of  the  band  structure  used  in 
predicting  the  ionized  point  defect  concentrations. 
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For  further  discussion  and  details  of  the  calculation  of 
the  reaction  free  energies,  see  Ref.  9. 

Because  the  native  point  defects  will  in  general 
have  localized  levels  in  the  band  gap,  we  need  to 
calculate  the  concentration  of  the  ionized  defects  in 
addition  to  the  neutral  defects  discussed  above.  Once 
the  density  of  the  neutral  defects  is  determined,  the 
concentration  of  ionized  defects  can  be  calculated 
from 


[x*]  g,. 


exp 


Hr-Ea 

kBT  J 


(4) 


for  an  acceptor  defect  X  and 
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for  a  donor  defect  Y.  Once  again,  we  have  adopted  the 
notation  of  Kroger:  the  bullet  superscript  indicates  a 
positive  charge  and  a  prime,  a  negative  charge.  Ea  and 
Ed  are  the  one-electron  acceptor  and  donor  levels;  pF 
is  the  Fermi  energy,  which  is  determined  by  demand¬ 
ing  charge  neutrality;  and  gx  is  the  degeneracy  of  the 
state,  including  both  spin  and  Jahn-Teller10  splitting. 
Generalizations  of  these  expressions  are  used  for 
multiple  ionized  defects.  The  calculation  of  the  elec¬ 
tron  and  hole  populations  demands  a  knowledge  of 
the  temperature-dependent  band  structure  and  use 
of  Fermi-Dirac  statistics.  The  only  significant  empiri¬ 
cal  data  we  employ  in  this  calculation  are  those 
needed  to  obtain  the  temperature-dependent  band 
structure,  which  is  extrapolated  to  high  temperatures 
at  which  equilibration  and  annealing  take  place  and 
for  which  we  are  going  to  predict  defect  concentra¬ 
tions.  Further  details  are  in  Ref.  9. 


DEFECTS  IN  HgCdTe 

Equilibrium  Native  Point  Defect 
Concentrations:  Annealing  Studies 

Gibbs’  phase  rule  tells  us  that  for  a  system  of  three 
components  (in  our  case  mercury,  cadmium,  and 
tellurium)  and  two  phases  (zinc-blende  solid  and 
vapor),  there  are  three  degrees  of  freedom.  In  evalu¬ 
ating  the  equilibrium  defect  concentrations  in 
Hg0  8Cd0  2Te,  we  have  chosen  the  temperature,  the 
mercury  pressure  PHg,  and  the  alloy  composition  x  as 
these  specified  variables;  the  tellurium  and  cadmium 
pressures,  the  crystal  stoichiometry,  and  the  density 
of  the  various  native  point  defects  are  determined  by 
these  parameters. 

In  Fig.  1,  we  show  our  results  for  the  77K  hole 
concentrations  in  x  =  0.2  Hgj_xCdxTe  as  a  function  of 
mercury  partial  pressure  for  various  high-tempera¬ 
ture  annealing  conditions  and  compare  them  to  the 
results  of  Vydyanath.3 13  We  have  assumed  that  the 
high-temperature  defect  structure  is  frozen  in  during 
a  quench  to  77K.  All  eight  point  defects  discussed 
above  have  been  included  in  our  analysis.  The  agree¬ 
ment  with  experiment  is  quite  good,  given  that  the 


only  empirical  data  used  were  of  the  temperature 
dependence  of  the  band  structure  used  to  calculate 
the  intrinsic  reaction  constant.  To  demonstrate  the 
sensitivity  of  our  results  to  the  free  energies  we  are 
calculating  from  first  principles,  we  have  also  shown 
in  Fig.  1  the  results  of  a  calculation  using  a  mercury 
vacancy  formation  energy  that  has  been  increased 
roughly  10%,  plus  a  constant  multiplicative  constant 
of  the  low-temperature  hole  concentrations  at  all 
pressures  and  temperatures;  as  one  can  see,  such 
minor  modifications  to  our  calculated  parameters 
yield  low-temperature  hole  concentrations  that  are  in 
very  good  agreement  with  experiment.  Certainly, 
refinements  to  our  theory  (for  example,  including  a 
more  accurate  high-temperature  band  structure,  more 
precise  incorporation  of  alloy  effects  on  formation  free 
energies,  anharmonic  effects  in  the  vibrational  free 
energies,  and  going  beyond  the  local  density 
approximation)  could  account  for  discrepancies  of 
this  magnitude.  In  addition,  the  experimental  data 
maybe  impacted  by  re-equilibration  during  the  quench 
from  high  temperature. 

At  all  temperatures,  we  predicted  that  equilibrated 
material  will  be  p-type  and  that  the  dominant  defect 
is  the  doubly  ionized  mercury  vacancy,  in  agreement 
with  mobility  data.3  Our  predictions  differ  from  the 
analysis  in  Ref.  3  in  several  ways,  though.  First, 
although  the  data  indicate  that  the  material  is  intrin¬ 
sic  at  all  annealing  temperatures,  we  predict  that  the 
material  will  be  extrinsic  for  the  higher  annealing 


Mercury  pressure,  atm 

Fig.  1.  Hole  concentrations  at  77K  as  a  function  of  mercury  partial 
pressure  for  material  annealed  at  high  temperatures,  as  indicated. 
Experimental  data  were  taken  from  Vydyanath.3  Results  of  our  theory 
are  shown  as  solid  lines.  To  demonstrate  the  sensitivity  of  our 
predictions  to  small  changes  in  the  calculated  formation  free  energies, 
we  show  the  dashed  lines,  which  are  the  theoretical  results,  but  with 
the  mercury  vacancy  formation  energy  increased  by  1 0%  and  includ¬ 
ing  a  rigid  upward  shift  of  the  hole  concentrations  by  a  factor  of  5.5. 
Note  that  the  results  shown  here  differ  from  those  in  Ref.  9  because  the 
inclusion  of  the  additional  degeneracy  factor  for  the  singly  ionized 
tellurium  antisite.10 
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sic  with  [h 0  ]  ~  (for  details  see  Ref.  9).  This  may  be 
due  to  either  a  vacancy  formation  energy  that  is  too 
small  in  our  calculation  (as  demonstrated  by  the 
dashed  line  in  Fig.  1)  or  errors  in  the  high-tempera- 
ture  band  structure,  which  we  have  extrapolated 
from  the  low-temperature  formulas.14-15  Second,  we 
find  at  higher  temperatures  and  lower  pressures,  that 
the  hole  concentrations  increase  with  increasing  pres¬ 
sure,  contrary  to  what  would  be  expected  due  to 
mercury  vacancy  acceptors  alone.  In  our  theoretical 
predictions,  this  is  due  to  compensation  from  tellu¬ 
rium  antisites,  which  we  predict  are  donors,  and 
which  are  the  second  most  dominant  native  point 


700  600  500  400  300  200 


10  1.2  1.4  1.6  1.8  2.0  2.2  2.4  2.6 
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Fig.  2.  Total  mercury  vacancy  (solid  line)  and  tellurium  antisite  (dashed 
line)  densities  as  a  function  of  mercury  partial  pressures  (atm).  Full 
equilibration  of  all  defects  is  assumed  at  all  temperatures  (see  text  for 
further  discussion). 


defect  in  Hg^_xCdxTe.  Because  the  equilibrium  antisite 
density  varies  roughly  as  P~2  compared  to  P.71  to 

Hg  lor  the  mercury  vacancy,  it  is  most  important  at 
low  mercury  pressures.  At  the  highest  temperatures, 
there  does  appear  to  be  a  corresponding  role-off  in  the 
experimental  data  at  the  lower  pressures,  which  may 
be  indicative  of  compensation  by  tellurium  antisites, 
but  it  could  also  be  an  experimental  artifact  caused  by 
quenching  inefficiencies  for  the  higher  temperatures. 

Low-temperature  mercury-saturated  anneals  are 
of  technological  importance  to  reducing  the  as-grown 
p-type  carrier  concentrations  or  to  convert  the  mate¬ 
rial  to  n-type  in  nominally  undoped  material.  In  Fig. 
2,  we  have  plotted  the  concentrations  of  mercury 
vacancies  and  tellurium  antisites  as  a  function  of 
inverse  temperature  for  constant  pressures  within 
the  existence  region;  neither  of  these  concentrations 
include  the  defects  that  are  bound  into  mercury  va¬ 
cancy  tellurium  antisite  pairs.  The  lower  boundaries 
correspond  to  the  defect  densities  for  mercury-satu¬ 
rated  anneals,  the  upper  boundary  to  tellurium-satu¬ 
rated  anneals.  As  one  can  see,  at  a  given  pressure  and 
temperature,  the  mercury  vacancy  concentrations 
are  always  in  excess  of  the  tellurium  antisite  pop¬ 
ulation,  and  in  equilibrium  the  material  should  al¬ 
ways  be  p-type.  As  discussed  in  the  following  section, 
we  expect  that  full  equilibration  of  the  tellurium 
antisite  density  may  not  take  place  at  lower  anneal¬ 
ing  temperatures,  so  that  the  equilibrium  concentra¬ 
tions  predicted  for  this  defect  may  not  always  be 
realized. 

Annealing  schedules  are  also  of  technological  im¬ 
portance  in  forming  p-n  junctions  in  as-grown  p-type 
material  via  mercury  in  diffusion.16-17  The  results  of 
these  experiments  depend  on  the  mechanism  by  which 
mercury  diffuses  and  are  related  to  the  identity  of  the 
residual  donor,  both  of  which  will  be  discussed  further 
below. 

The  Tellurium  Antisite  in  Hg0  78Cd0  22Te 

Having  predicted  that  the  tellurium  antisite  will  be 


Rg.  3  The  concentration  of  native  points  as  a  function  of  mercury  pressure  within  the  phase  stability  region  at  (a)  500°C,  corresponding  to  the  LPE 
growth  temperature  (b)  1 85  C,  the  growth  temperature  for  MBE,  and  (c)  220°C,  a  typical  temperature  for  mercury-saturated  anneals.  A  range  of 
concentrations  for  the  mercury  vacancy  tellurium  antisite  pair  is  shown,  based  on  our  preliminary  results,  as  discussed  in  the  text. 
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present  in  substantial  densities,  we  now  address  the 
evidence  for  their  existence  in  LWIR  HgCdTe.  We 
have  predicted  that  the  tellurium  antisite  is  a  donor, 
although  we  have  not  yet  extended  our  theory  to 
predict  whether  it  is  a  single  or  double  donor,  nor  the 
precise  location  of  the  defect  levels  in  the  gap.  This  is 
perhaps  the  most  difficult  part  of  our  calculation 
because  of  the  LDA  band  gap  errors  intrinsic  to  our 
method  and  the  dispersion  arising  from  the  use  of 
supercells  that  give  defect-level  widths  larger  than 
the  Hg0  7gCd0  22Te  band  gap.  To  establish  the  presence 
of  tellurium  antisites  without  a  prediction  of  the 
donor  level(s)  in  the  gap,  we  must  consider  the  possi¬ 
bility  that  there  are  resonant  level(s),  shallow  level(s), 
deep  level(s),  or  some  combination  of  these,  associ¬ 
ated  with  the  tellurium  antisite,  and  look  for  evidence 
supporting  the  presence  of  the  antisite. 

One  of  the  outstanding  questions  in  the  properties 
of  HgCdTe  is  the  identification  and  elimination  of  the 
residual  donor  that  controls  the  carrier  concentration 
in  material  annealed  at  low  temperatures  under  mer¬ 
cury-saturated  conditions.  Although  purification  of 
starting  materials  has  led  to  a  lowering  of  the  residual 
donor  density,  a  lower  limit  of  ~1014  cm-3  seems  to 
have  been  reached.  To  examine  the  possibility  that 
the  tellurium  antisite  is  the  residual  donor,  we  have 
calculated  the  defect  densities  at  500°C,  roughly  the 
liquid  phase  epitaxial  growth  temperature  from  both 
the  mercury-  and  tellurium-rich  melts,  at  185°C,  the 
typical  molecular  beam  epitaxy  (MBE)  growth  tem¬ 
perature,  and  at  220°C,  roughly  where  low-tem¬ 
perature  mercury-rich  anneals  are  done;  results  are 
shown  in  Fig.  3a— 3c.  It  is  clear  that  the  material  is 
expected  to  be  p-type  for  both  MBE-  and  LPE-  grown 
material,  and  that  although  postgrowth,  mercury- 
saturated  anneals  (the  right  side  of  Fig.  3c)  will  lower 
the  vacancy  density  below  the  1013  cm”3  level,  the 
material  is  still  predicted  to  be  mercury-vacancy- 
doped  p-type.  We  thus  conclude  that  the  residual 
donor  is  not  due  to  an  equilibrium  concentration  of 
native  point  defects. 

The  possibility  remains  that  the  residual  donor  is 
associated  with  a  nonequilibrium  defect  concentration 
of  tellurium  antisites.  We  expect  that  the  diffusion 
coefficient  of  the  tellurium  antisite  is  relatively  small 
because  the  diffusion  of  an  antisite  will  necessarily 
involve  at  least  one  additional  point  defect,  such  as 
the  mercury  vacancy  or  the  tellurium  interstitial 
(diffusion  via  a  consorted  exchange  of  a  tellurium 
antisite  with  a  mercury  atom  on  an  adjacent  cation 
lattice  site  is  unlikely).  As  such,  the  tellurium  antisite 
may  not  reach  equilibrium  densities  for  the  times  and 
temperatures  corresponding  to  the  low-temperature 
mercury-saturated  anneals  typically  employed  to 
equilibrate  the  mercury  vacancy  density  (Fig.  3c).  If 
tellurium  antisite  densities  are  in  fact  equilibrated  at 
a  temperature  at  which  the  antisite  diffusion  effec¬ 
tively  stops  during  cooldown  from  the  growth  tem¬ 
perature,  then  the  antisites  may  be  frozen  in  at 
higher,  nonequilibrium  concentrations  correspond¬ 
ing  to  the  residual  donor  density. 


Addressing  the  question  as  to  why  the  antisite 
density  might  be  frozen  in  at  roughly  the  same  con¬ 
centration  for  LPE  material  grown  from  both  the 
mercury  and  tellurium  melt,  we  return  to  the  means 
by  which  tellurium  antisite  diffuses  in  the  material, 
and  assume  it  diffuses  by  a  mercury  vacancy  mecha¬ 
nism.  This  assumption  is  motivated  by  several  fac¬ 
tors.  First,  this  mechanism  involves  only  one  point 
defect  in  addition  to  the  tellurium  antisite  and  in¬ 
volves  a  simple  migration  mechanism  between  the 
two  defects.  Second,  it  involves  the  mercury  vacancy, 
whose  density  is  fairly  high,  and  therefore  the  prob¬ 
ability  of  tellurium  antisite  mercury  vacancy  pairs  is 
expected  to  be  fairly  high.  In  addition,  the  mercury 
vacancy  is  an  acceptor  and  the  tellurium  antisite  is  a 
donor  so  they  are  expected  to  form  a  bound  pair  based 
on  Coulombic  attraction,  and  the  mercury  vacancy  is 
too  small  for  the  lattice,  while  the  tellurium  antisite 
is  too  large,  so  that  there  is  a  mechanical  attraction 
between  them  as  well.  Finally,  the  migration  mecha¬ 
nism  involving  an  interstitial — for  example,  via  a 
kickout  mechanism  whereby  a  mercury  interstitial 
kicks  out  the  tellurium  antisite  to  form  a  tellurium 
interstitial— is  unlikely  since  it  involves  defects  that 
are  all  too  large  for  the  lattice  and  are  donors  and 
therefore  are  unlikely  to  form  pairs.  The  kickout 
mechanism  may  be  important  when  mercury  in¬ 
terstitials  are  injected  into  the  material,  and  is  dis¬ 
cussed  later  in  this  paper.  The  likelihood  of  the  tellu¬ 
rium  antisite  diffusion  proceeding  by  the  mercury 
vacancy  mechanism  is  further  supported  by  our  pre¬ 
liminary  prediction  of  the  mercury  vacancy  tellurium 
antisite  binding  energy  of  1.1  eV;  the  corresponding 
densities  are  shown  in  Fig.  3.  We  show  our  predictions 
for  the  pair  density  as  a  range  in  which  the  lower  limit 
corresponds  to  the  defect  pair  being  neutral,  as  our 
preliminary  predictions  indicate,  and  the  upper  limit 
corresponding  to  the  pair  having  a  donor  state  at  the 
valence  band  edge  and  an  acceptor  level  at  the  con¬ 
duction  band  edge.  Unlike  the  native  point  defects,  we 
expect  that  these  pair  defect  concentrations  may 
change  as  we  refine  the  free  energy  calculations.  If 
tellurium  antisite  diffusion  is  via  the  mercury  va¬ 
cancy,  the  diffusion  coefficient  will  be  proportional  to 
the  density  of  the  mercury  vacancy  tellurium  antisite 
pairs,  that  is 


From  Fig.  3a  for  LPE  growth,  one  can  see  that  the 
density  of  defect  pairs  for  low  mercury  pressures, 
corresponding  to  material  grown  from  the  tellurium- 
rich  melt,  is  four  orders  of  magnitude  higher  than  for 
that  grown  from  the  mercury-rich  melt.  This  implies 
that  although  material  grown  from  the  tellurium 
melt  will  contain  higher  densities  of  tellurium 
antisites,  in  the  cooldown  from  the  growth  tempera¬ 
ture  the  tellurium  antisites  will  re-equilibrate  much 
more  rapidly  due  to  the  large  pair  density  than  will 
material  grown  from  the  mercury-rich  melt.  In  con¬ 
trast,  for  material  grown  from  the  mercury  melt,  the 
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tellurium  antisites  present  at  the  growth  tempera¬ 
ture,  although  lower,  may  be  frozen  in  because  the 
pair  density  is  also  lower. 

We  now  turn  to  growth  by  MBE,  which  takes  place 
at  185°C  under  mercury-poor  conditions,  correspond¬ 
ing  to  the  left  side  of  Fig.  3b.  At  the  phase  stability 
boundary,  we  predict  that  the  material  will  be  mer¬ 
cury-vacancy  doped  p-type,  with  a  carrier  concentra¬ 
tion  of~lG15  cm-3.  Experimentally  as-grown  material 
is  found  to  be  either  n-  or  p-type  with  carrier  concen¬ 
trations  in  the  1015  cm-3  range.18  Because  MBE  growth 
is  a  nonequilibrium  process,  it  is  possible  that  growth 
may  take  place  beyond  the  existence  region;  for  ex¬ 
ample,  if  the  equivalent  pressure  were  of  the  order  of 
10-7  atm  at  185°C,  the  materials  would  be  tellurium 
antisite  doped.  While  this  provides  a  possible  expla¬ 
nation  of  how  the  material  could  be  n-  or  p-type  as- 
grown  based  on  equilibrium  concentrations  of  defects, 
extending  this  argument,  one  would  expect  under 
some  growth  conditions  to  be  able  to  obtain  highly 
compensated  material  with  very  low  carrier  concen¬ 
trations;  this  is  never  seen,  to  our  knowledge.  A  more 
likely  possibility  is  that  nonequilibrium  densities  of 
point  defects  are  frozen  into  the  molecular  beam 
epitaxy  material  resulting  from  details  of  the  surface 
kinetics. 

There  is  substantial  experimental  evidence  of  deep 
levels  in  LWIR  HgCdTe,  which  have  not  yet  been 
definitively  associated  with  any  particular  defect. 
The  minority  carrier  lifetimes  in  vacancy-doped  ma¬ 
terial  are  limited  by  Shockley-Read  recombination; 
deep-level  transient  spectroscopy  (DLTS)  measure¬ 
ments19-21  have  identified  two  donor-like  defect  levels 
at  0.4Egap  and  0.75Egap.  The  densities  of  these  levels 
roughly  track  the  mercury  vacancy  concentration, 
although  substantial  scatter  in  the  correlation  is 
observed.19  Neither  of  these  levels  is  believed  to  be 
associated  with  the  mercury  vacancy  itself,  nor  do 
they  appear  to  be  associated  with  the  same  defect 
because  they  do  not  track  one  another.  In  equilibrium, 
the  tellurium  antisite  density  will  track  with  the 
mercury  vacancy  concentration,  although  it  will  show 
a  sharper  dependence  on  the  mercury  pressure.  In 
addition,  as  discussed  above,  we  do  not  expect  that 
equilibrium  concentrations  of  tellurium  antisites  will 
be  present  except  at  very  high  temperatures  corre¬ 
sponding  to  liquid-phase  growth,  and  thus  the  ratio  of 
tellurium  antisites  to  mercury  vacancies  expected  in 
equilibrium  may  not  be  experimentally  realized,  lead¬ 
ing  to  substantial  deviations  from  the  equilibrium 
ratio  and  scattering  in  their  concentrations.  Thus,  it 
is  plausible  that  one  of  the  Shockley-Read  recombina¬ 
tion  centers  is  associated  with  the  tellurium  antisite, 
although  to  confirm  this  possibility  a  more  quantita¬ 
tive  prediction  of  the  ionization  levels  of  the  antisite 
is  needed.  Deep  levels  associated  with  the  tellurium 
antisite  may  also  be  responsible  for  the  1/f  noise, 
which  is  found  to  be  roughly  proportional  to  the 
mercury  vacancy  concentration22  or  they  may  en¬ 
hance  interband  tunneling  and  thereby  contribute  to 
dark  currents. 


The  Role  of  Native  Point  Defects 
in  Self-Diffusion 

Self-diffusion  of  mercury  is  important  for  the  an¬ 
nealing  of  as-grown  mercury-vacancy  doped  p-type 
material  to  n-type,  to  form  p-n  junctions,16  and  for 
understanding  junction  stability  in  HgCdTe  devices. 
Although  both  the  mercury  vacancies  and  interstitials 
are  mobile  and  contribute  to  mercury  diffusion,23  it  is 
the  interstitial  diffusion  that  is  found  to  dominate  in 
the  modeling  of  low-temperature  anneals.12’17  Thus, 
although  we  find  equilibrium  mercury  interstitial 
concentrations  that  are  negligible  in  terms  of  their 
contribution  to  the  net  carrier  densities,9  they  will  be 
important  to  mercury  transport  in  the  material,  and 
therefore  their  properties  are  of  interest.  For  both 
mercury  vacancy  and  interstitial  diffusion,  more  than 
just  defect  concentrations  enter  into  the  determina¬ 
tion  of  the  diffusion  coefficients;  for  the  present  dis¬ 
cussion,  we  will  address  only  how  our  defect  concen¬ 
trations  relate  to  the  measured  diffusion  coefficients. 

We  predict  that  mercury  interstitials  are  donors 
and  in  equilibrium  are  present  in  concentrations  that 
are  less  than  IQ6  cm-3  at  250°C.9  We  have  compared 
our  results  with  those  of  annealing  simulations  by  the 
Stanford  group12  and  find  that  the  concentration  of 
interstitials  we  have  predicted  at  -  200°C  are  several 
orders  of  magnitude  too  small  to  account  for  their 
modeling  of  the  formation  of  p-n  junctions.  Although 
a  number  of  approximations  in  our  calculation  of  the 
formation  energies  will  affect  our  interstitial  forma¬ 
tion  free  energy  (for  example,  the  use  of  supercells 
and  approximations  of  the  ionization  energies),  we  do 
not  expect  these  to  account  for  this  large  a  discrep¬ 
ancy.  As  discussed  in  the  Methodology  section  above, 
we  have  completed  the  calculation  of  the  electronic 
contribution  to  the  formation  free  energies  using  pure 
HgTe.  For  the  mercury  vacancy  and  the  tellurium 
antisite  that  are  the  major  defects  in  HgCdTe  and 
that  occupy  the  cation  sublattice  and  therefore  are 
surrounded  by  four  tellurium  atoms,  this  is  probably 
not  such  a  bad  assumption.  Corrections  to  the  elec¬ 
tronic  energy  due  to  the  presence  of  cadmium  may  be 
larger  for  the  interstitials  that  see  four  cations  as 
their  first  nearest  neighbors  in  one  tetrahedral  site 
and  six  cations  as  near  second  neighbors  in  the  other 
tetrahedral  site.  We  are  currently  calculating  the 
correction  to  our  electronic  energies,  taking  explicit 
account  of  cadmium  in  the  lattice  to  see  if  it  will 
eliminate  the  discrepancy  with  the  Stanford  model 
predictions.12 

There  has  been  a  recent  investigation24  in  x  =  0.22 
and  0.24  Hgl  xCdxTe  on  samples  in  which  high  concen¬ 
trations  of  nonequilibrium  mercury  interstitials  have 
been  introduced.  The  observed  deep  levels  near  45 
and  60  meV  above  the  valence-band  edge  were  argued 
to  be  associated  with  the  mercury  interstitials.  As 
discussed  above,  at  this  point  our  calculations  are  not 
able  to  determine  the  precise  positions  of  the  defect 
levels  in  the  gap,  but  rather  have  predicted  only  that 
the  mercury  interstitials  will  be  donor-like.  If  in  fact 
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there  are  donor  levels  associated  with  the  mercury 
interstitials  that  are  near  midgap,  we  would  expect 
them  to  exhibit  a  series  of  levels  corresponding  to  the 
different  alloy  environments  about  an  interstitial.  In 
addition,  there  are  two  classes  of  interstitials  that  we 
expect  to  have  relatively  high  equilibrium  densities, 
both  of  which  occupy  tetrahedral  sites;  the  first  is 
surrounded  by  four  cation  nearest  neighbors,  and  the 
second  is  surrounded  by  four  anion  nearest  neigh¬ 
bors.  Although  it  is  tempting  to  associate  the  two 
defect  levels  experimentally  observed  with  these  two 
classes  of  interstitial  sites,  there  is  no  apparent  rea¬ 
son  why  two  levels  are  seen  in  the  x  =  0.22  material 
and  only  one  level  in  for  x  =  0.24. 

Finally,  we  return  to  the  discussion  of  the  mecha¬ 
nism  for  tellurium  antisite  diffusion  and  re-address 
the  kickout  mechanism  that  proceeds  via  the  reaction 

Hgj  +  TeHg  Tej  (7) 

Our  calculations  predict  that  this  is  an  exothermic 
reaction,  with  an  energy  of  ~  0.8  eV  (the  entropy 
gained  in  having  two  point  defects  rather  than  just 
one  must  also  be  considered  in  establishing  the  equi¬ 
librium  concentrations  of  these  defects).  In  non¬ 
equilibrium  situations  in  which  mercury  interstitials 
are  introduced  into  the  material — for  example,  dur¬ 
ing  ion-beam  milling  or  oxide  baking26 — this  reaction 
will  be  pushed  to  the  right,  and  excess  tellurium  inter¬ 
stitial  will  be  produced.  Thus,  in  such  situations,  one 
might  expect  tellurium  antisite  diffusion  via  the 
kickout  mechanism  to  be  a  stronger  competitor  to  the 
mercury  vacancy  mechanism,  although  the  barriers 
to  the  formation  of  Hgj-TeHg  pairs  still  exist,  as  dis¬ 
cussed  above. 

In  presenting  the  tellurium  antisite  as  a  candidate 
for  the  residual  donor,  we  argued  why  its  density 
might  be  fixed  in  the  n-type  material.  On  the  other 
hand,  when  discussing  the  possibility  that  it  is  related 
to  a  Shockley-Read  recombination  center  in  vacancy- 
doped  p-type  material,  we  argued  why  its  density 
might  vary,  depending  on  the  cooldown  rate  and  so 
forth.  These  two  arguments  are  somewhat  inconsis¬ 
tent.  Although  the  possibility  still  exists  that  the 
tellurium  antisite  is  both  the  residual  donor  (via  a 
first  ionization  level  that  resonates  in  the  gap)  and  a 
Shockley-Read  center  (via  a  midgap  second  ionization 
level),  to  be  convincing  a  firmer  correlation  between 
the  two  would  have  to  be  established. 

The  Mercury  Vacancy  Tellurium  Antisite  Pair 

Several  additional  consequences  of  the  presence  of 
the  mercury  vacancy  tellurium  antisite  pairs  should 
be  discussed.  As  one  can  see  from  Fig.  3,  we  are 
predicting  a  very  large  concentration  of  the  defect 
pairs,  which  may  even  exceed  the  mercury  vacancy 
concentrations  for  LPE  material  grown  from  the  tel¬ 
lurium-rich  melts.  If  the  pair  is  electrically  inactive, 
as  our  preliminary  calculations  predict,  it  will  not 
impact  the  carrier  concentrations  or  mobility.  Such  a 
large  density  of  pairs  does  imply  that  the 
nonstoichiometry  of  the  material  is  larger  than  that 


due  to  the  vacancy  concentrations,  particularly  at 
lower  temperatures  where  we  predict  that  the  equi¬ 
librium  concentrations  of  neutral  pairs  will  approach 
that  of  the  mercury  vacancy. 

Note  that  the  large  binding  energy  of  the  mercury 
vacancy  tellurium  antisite  pair  suggests  that  other 
bound  pairs  may  be  present  in  the  material.  For 
example,  a  bound  Frenkel  defect  (involving  the  mer¬ 
cury  vacancy-mercury  interstitial  pair)  that  involves 
an  acceptor  and  a  donor  defect  with  opposite  lattice 
strains  may  be  important  and  will  impact  diffusion  of 
mercury  in  the  lattice.  The  most  likely  consequences 
will  be  to  increase  the  annihilation  capture  cross 
section  of  mercury  interstitials  into  mercury  vacan¬ 
cies  and  to  present  a  barrier  to  the  formation  of  free 
Frenkel  defects  through  a  geminate  process.  These 
phenomena  will  be  important  to  understanding  diffu¬ 
sion  in  HgCdTe.12  Evidence  for  the  mercury  vacancy 
substitutional  indium  pair  has  been  seen  using  a 
nuclear  hyperfine  technique.26  This  defect  is  similar 
to  the  mercury  vacancy  tellurium  antisite  pair,  and 
thus  we  expect  it  may  be  well  bound.  Both  of  these 
pairs  merit  further  investigation. 

DEFECTS  IN  CdTe 

Like  HgCdTe,  CdTe  has  a  wide  stability  region  and 
can  be  doped  both  p-  and  n-type.  Its  use  as  both  a 
substrate  (along  with  Cd^ZnTe)27  and  a  passivant 
make  it  an  important  material  in  the  manufacturing 
of  HgCdTe  LWIR  FPAs. 

We  have  predicted  the  density  of  neutral  native 
point  defects  in  CdTe  as  a  function  of  temperature  and 
pressure;  results  for  700°C  are  shown  in  Fig.  4.  We 
predict  the  same  electrical  type  (donor  vs  acceptor)  for 
the  native  point  defects  as  in  HgCdTe;  for  example, 
we  find  that  the  cadmium  vacancy  is  an  acceptor  and 
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Fig.  4.  Neutral  native  point  defect  densities  of  CdTe  within  the  stability 
region  at  700°C. 


1134 


Berding,  Sher,  and  van  Schilfgaarde 


the  cadmium  interstitial  and  tellurium  antisite  are 
donors. 

Based  on  the  neutral  native  point  defects,  we  expect 
that  CdTe  solid  can  exist  with  both  excess  cadmium 
and  excess  tellurium.  We  find  that  the  cadmium 
interstitial  is  the  dominant  defect  for  high  cadmium 
pressures,  and  the  cadmium  vacancy  is  most  impor¬ 
tant  at  mid  and  low  cadmium  pressures. 

Because  the  native  point  defects  may  have  energy 
levels  in  the  gap  associated  with  them,  it  is  important 
to  include  these  in  the  analysis.  We  have  begun  to 
calculate  the  ionization  levels  associated  with  the 
native  point  defects  but  have  not  yet  included  the 
Jahn-Teller  distortions,28  which  can  significantly  al¬ 
ter  the  localized  energy  levels.  For  this  discussion,  we 
shall  assume  that  the  cadmium  vacancy  has  a  first 
ionization  level  near  the  valence-band  edge  and  a 
second  level  near  midgap29  and  assume  that  the 
cadmium  interstitial  is  a  double  shallow  donor.2  In 
this  case,  we  predict  a  p-  to  n-type  conversion  at  700°C 
at  relatively  high  cadmium  pressures,  in  agreement 
with  experiment.2 

From  Fig.  4,  we  see  that  the  tellurium  antisite 
becomes  more  important  as  the  cadmium  pressure  is 
lowered.  Depending  on  the  energies  associated  with 
the  tellurium  antisite  donor  levels,  the  material  may 
be  highly  compensated  at  the  lowest  pressures,  or 
another  p-  to  n-type  conversion  may  even  occur. 
Experiments  designed  to  equilibrate  on  the  cadmium- 
poor  side  of  the  stability  region  can  be  used  to  test  for 
the  presence  of  tellurium  antisites  through  both  their 
impact  on  electrical  activities  and  the  presence  of 
localized  levels. 

CONCLUSIONS  AND  SUGGESTED 
EXPERIMENTS 

The  theory  developed  here  clearly  indicates  that  in 
Hg0SCd02Te  equilibrated  at  typical  annealing  tem¬ 
peratures  and  pressures  (the  right  side  of  Fig.  3c),  the 
tellurium  antisite  and  mercury  vacancy  tellurium 
antisite  pair  densities  are  well  below  levels  that  can 
impact  device  performance.  The  primary  outstanding 
question  is  whether  or  not  tellurium  antisite  diffusion 
rates  are  high  enough  that  normally  processed  samples 
fully  equilibrate.  Experiments  are  needed  to  modify 
these  defect  populations  in  a  controlled  manner  so 
their  impact  on  carrier  concentrations,  lifetimes,  and 
other  device  properties  can  be  determined.  The  basic 
idea  is  to  modify  the  tellurium  antisite  concentration 
by  choosing  annealing  temperatures,  mercury  pres¬ 
sures,  and  times  that  are  long  enough  to  permit  a 
measurable  portion  of  samples  to  equilibrate. 

First,  we  consider  annealing  experiments  to  test  for 
the  possibility  that  the  antisite  is  the  residual  donor. 
If  tellurium  antisite  diffusion  is  so  slow  that  it  is  not 
equilibrated  during  low-temperature  mercury-satu¬ 
rated  anneals,  one  must  first  anneal  at  higher  tem¬ 
peratures  and  lower  mercury  pressures  to  introduce 
tellurium  antisite  mercury  vacancy  pairs  (this  step 
could  be  eliminated  for  LPE  material  grown  from  the 
tellurium  melt),  followed  by  a  lower-temperature, 


low-mercury-pressure  anneal  to  reduce  the  antisite 
density,  while  still  maintaining  a  relatively  high 
density  of  pairs,  concluded  by  a  low-temperature, 
mercury-saturated  anneal  to  reduce  the  mercury  va¬ 
cancy  concentration  even  further.  A  series  of  ex¬ 
periments  in  which  the  conditions  of  the  first  two 
anneals  were  varied  could  be  designed  to  test  for  the 
effect  they  have  on  the  residual  donor  concentration. 
A  similar  experiment  could  be  performed  to  correlate 
the  Shockley-Read  center  in  mercury-vacancy-doped 
material  with  nonequilibrium  tellurium  antisite  den¬ 
sities. 

Although  we  have  proposed  a  series  of  experiments 
to  establish  whether  the  tellurium  antisite  is  the 
residual  donor  or  a  Shockley-Read  recombination 
center  based  on  nonequilibrium  densities,  one  may  be 
able  to  design  a  series  of  experiments  in  which  equi¬ 
librium  populations  of  tellurium  antisites  are  ob¬ 
tained  by  choosing  high  enough  temperatures,  thin 
enough  samples,  and  long  enough  annealing  times. 
One  could  choose  annealing  conditions  to  manipulate 
the  mercury  vacancy  and  tellurium  antisite  popula¬ 
tions  independently.  For  example,  a  300°C  anneal  to 
reduce  the  hole  concentration  to  ~  1016  will  result  in  an 
order-of-magnitude  more  tellurium  antisites  than  an 
anneal  at  400°C  to  achieve  the  same  hole  con¬ 
centration;  Fig.  2  can  be  used  in  guiding  such  a  study. 
The  correlation  of  the  tellurium  antisite  densities 
with  the  Shockley-Read  center  should  be  possible  by 
doing  minority  carrier  lifetime  and/or  DLTS  mea¬ 
surements  on  materials  with  the  same  mercury  va¬ 
cancy  hole  concentrations  achieved  by  anneals  at 
different  temperatures.  Although  a  study  of  this  type 
was  recently  presented,1  and  for  a  given  hole  concen¬ 
tration  a  correlation  of  lifetimes  with  the  annealing 
temperature  was  observed,  the  effective  annealing 
conditions  there  were  set  by  the  stoichiometry  of 
CdTe  cap  layers  and  thus  were  more  complicated  than 
a  simple  anneal  with  a  controlled  mercury  over¬ 
pressure. 

Experiments  to  test  the  presence  of  the  mercury 
vacancy  tellurium  antisite  pair  are  similar  to  those 
proposed  above  for  the  isolated  tellurium  antisite. 
Our  preliminary  calculations  indicate  that  the  pair 
will  be  electrically  inactive  and  have  no  states  in  the 
band  gap.  As  such,  we  do  not  expect  their  presence  to 
have  a  direct  impact  on  the  electrical  properties,  but 
their  presence  will  be  manifested  in  their  impact  on 
tellurium  antisite  diffusion.  Note  that  these  experi¬ 
ments  proposed  to  test  for  the  presence  of  the  tellu¬ 
rium  antisite  cannot  discriminate  between  the  iso¬ 
lated  tellurium  antisite  and  the  mercury  vacancy 
tellurium  antisite  pair. 
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The  strategy  and  status  of  a  process  simulator  for  the  flexible  manufacture  of 
HgCdTe  infrared  focal  plane  arrays  is  described.  It  has  capabilities  to  simulate 
Hg  vacancy  and  interstitial  effects  and  cation  impurity  diffusion,  for  various 
boundary  conditions  in  one  dimension.  Numerical  complexity  of  these  problems 
stems  from  the  necessity  of  solving  diffusion  equations  for  each  defect  that  are 
coupled  to  each  other  via  nonlinear  interaction  terms.  The  simulator  has  already 
led  to  the  prediction  of  heretofore  unexplained  experimental  data.  Current 
extensions  of  the  one-dimensional  simulator  planned  over  the  next  few  years 
include  the  addition  of  Te  antisites,  antisite-Hg  vacancy  pairs,  and  In-Hg 
vacancy  pairs,  ion  implantation,  and  various  energetic  processes  (such  as  ion 
milling).  The  sequential  effect  of  various  processes  will  be  possible  with  the  input 
to  the  simulator  looking  much  like  a  process  run  sheet. 

Key  words:  Flexible  manufacturing,  HgCdTe,  infrared  focal  plane  arrays 
(IRFPAs),  process  simulations 


INTRODUCTION 

In  the  past,  semiconductor  manufacturing  has  been 
characterized  by  a  long,  expensive,  and  tedious  pro¬ 
cess  of  climbing  up  the  yield  curve  for  the  introduction 
of  a  new  process  or  device  structure.  Achieving  a  low 
overall  cost  of  ownership  (CoO)  has  required  that  the 
initial  design/fab/test/redesign  costs  for  both  device 
and  process  be  recovered  by  high  volume  production 
once  high  yields  are  achieved.  The  counter  culture  to 
this  paradigm  has  been  called  flexible  manufactur¬ 
ing,  where  new  designs  can  be  implemented  rapidly 
at  low  cost  with  a  high  probability  of  first  pass  success 
through  the  design/fab/test  cycle  and  mixed  in  the 
same  production  line  with  existing  products. 


"Current  address:  Texas  Instruments,  Inc.,  P.O.  Box 
655936,  Dallas,  TX  75265 
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The  application  of  this  new  paradigm  to  Si  in¬ 
tegrated  circuit  technology  was  recently  demonstrated 
successfully  in  the  Microelectronics  Manufacturing 
and  Technology  program  (MMST)  carried  out  by  Texas 
Instruments  and  funded  in  part  by  the  Advanced 
Research  Projects  Agency  (ARPA)  and  the  U.S.  Air 
Force  Wright  Laboratories.1-3  One  of  the  key  accom¬ 
plishments  of  this  program  was  the  demonstration  of 
a  low  CoO  factory  with  a  100-2000  wafer/month 
capacity  and  5-15  day  cycle  times.  This  compares  to 
the  20,000  wafers/month,  1-3  month  cycle  times  of 
conventional  Si  wafer  fabs.  In  addition,  a  factor  of  ten 
reduction  of  the  cost  of  such  a  factory  (<$50M  vs 
>$500M)  compared  to  its  conventional  counterpart 
represents  a  significant  reduction  in  risk  for  new  fab 
installations. 

There  are  a  number  of  requirements  to  make  flex¬ 
ible  manufacturing  a  reality.  The  replacement  of 
stand-alone  batch  tools  with  modular  single  wafer 
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tools  is  a  key  technology  advancement.  Computer 
integrated  manufacturing  (CIM),  real  time  process 
sensing  and  control,  and  feed  forward  are  critical.  In 
addition,  computed  aided  design  (CAD)  tools  for  equip¬ 
ment,  process,  device,  and  circuit  design  must  be 
available  to  achieve  first  pass  success  and  optimization 
for  minimum  CoO.  In  the  case  of  Si  integrated  circuit 
technology  such  tools  such  as  SUPREM,  PISCES, 
SemiCad,  SPICE,  etc.  have  provided  the  key  enablers 
for  this  implementation.4”6 

The  application  of  these  concepts  to  the  manu¬ 
facturing  of  HgCdTe  (MCT)  infrared  focal  plane  ar¬ 
rays  (IRFPAs)  is  an  obvious  extension  of  the  MMST 
concept.  Infrared  FPAs  are  ideally  suited  due  to  the 
small  lot  sizes  imagined,  the  variety  of  products  to  be 
produced  in  one  factory,  and  the  consistency  of  the 
single  wafer  concept  with  MCT  manufacturing  in 
general.  As  is  the  case  for  Si  technology,  technology- 
CAD  (TCAD)  tools  represent  a  key  enabler  for  MCT 
IRFPA  flexible  manufacturing.  The  purpose  of  this 
paper  is  to  describe  recent  developments  in  process 
modeling  of  MCT  YIP  IRFPAs. 

PROCESS  MODELING:  GENERAL 

Why  is  the  availability  of  a  robust  process  model  so 
critical  for  flexible  manufacturing?  We  can  make  the 
claim  that  flexible  manufacturing  cannot  be  achieved 
at  all  without  process  modeling!  To  see  this,  let  us 
consider  a  process  flow  made  up  of  a  sequence  of  unit 
process  steps.  A  typical  flow  for  MCT  VIP  IRFPAs  is 
shown  in  Table  I  along  with  some  requirements  for 
process  simulation.  The  unit  step  process  parameters 
such  as  time,  temperature,  ambient,  etc.,  effect  a 
large  set  of  materials  properties  (dopants,  defects, 
extended  defects,  lifetimes,  mobilities,  etc.)  during 
that  step.  In  a  process  flow  such  as  this,  each  step 
interacts  with  the  others  in  subtle  ways.  The  ultimate 
effect  of  the  process  flow  on  these  critical  factors 
cannot  be  determined  in  a  simple  way  without  nu¬ 
merical  computation,  keeping  track  of  a  number  of 
variables  simultaneously.  The  alternative  to  process 
simulation  is  to  perform  process  design  and  op¬ 
timization  through  extensive  design/fab/test  cycles. 
This  is  an  extremely  expensive  and  slow  process.  Low 
CoO  and  fast  turnaround  through  short  cycle  times 


cannot  be  achieved  in  this  way.  A  final  benefit  of  a 
process  simulator  is  its  capture  of  the  process  cause 
and  effect  database  and  the  intuition  of  design  engi¬ 
neers  that  has  been  applied  in  the  past.  Thus,  even 
years  later  a  process  flow  can  be  resurrected  and 
applied  even  though  the  designers  that  developed  it 
have  long  since  moved  into  other  areas. 

Let  us  now  define  exactly  what  is  meant  by  process 
modeling  and  simulation.  The  development  of  a  pro¬ 
cess  simulator  is  a  hierarchical  process  with  a  number 
of  critical  components.  It  is  made  up  of  a  number  of 
interacting  simulator  modules  associated  with  a  unit 
step  process  such  as  implantation,  annealing,  etc. 
Each  module  is  based  on  a  model  for  the  phenomena 
of  interest  which  needs  to  be  accurate  but  also  simple 
enough  to  be  solved  in  a  reasonable  time  on  a  worksta¬ 
tion  class  (or  slower)  machine.  These  models  have  as 
their  basis  more  sophisticated  first  principles  models 
and  calculations7  coupled  with  extensive  experimen¬ 
tal  validation.  In  the  case  of  implantation,  for  ex¬ 
ample,  the  first  principles  methods  involve  quantum 
molecular  dynamics  calculations  which  are  typically 
run  on  supercomputers.  Backing  away  from  this  level 
of  complexity,  we  have  Monte  Carlo  type  ion  dynamics 
calculations  such  as  TRIM.8  This  approach  is  still  not 
well  suited  for  implementation  in  a  process  simulator 
due  to  time  requirements,  even  on  a  workstation  class 
machine.  The  method  we  have  chosen  for  the  current 
simulator  takes  these  methods  (combined  with  ex¬ 
perimental  validation)  as  a  basis  and  creates  a  data¬ 
base  based  on  analytical  fits,  which  is  embedded  in 
the  simulator.  The  required  implantation  profiles  can 
therefore  be  calculated  rapidly  and  accurately  with¬ 
out  the  need  to  run  the  more  complex  calculations 
time  after  time.  This  methodology  has  proven  its 
worth  for  both  Si  and  the  III-Vs.4-6 

MCT  PROCESS  SIMULATION  STRUCTURE 

Based  on  the  process  flow  of  Table  I,  we  identify 
simulator  modules  for  implantation  (including  point 
defect  generation)  and  diffusion  with  submodules  for 
point  defects  (Hg  interstitials,  vacancies,  and 
antisites),  dopants,  and  extended  defect  generation, 
growth,  and  dissolution.  It  is  also  convenient  to  define 
a  separate  module  for  boundary  conditions,  which 


Table  I.  MCT  IRFPA  VIP  Process  Flow  and  Process  Simulation  Requirements 

Process  Step 

Simulation  Requirements 

1. 

MCT  Growth 

Input  Point  Defect/Impurity  Profiles 

2. 

Defect  Reduction  Anneal 

Diffusion  of  Point/Extended  Defects,  Impurities 

3. 

Backside  Etch 

Reset  Back  Boundary 

4. 

Backside  Passivation 

Reset  Back  Boundary  Condition 

5. 

Anneal 

Same  as  2  with  Updated  Boundary  Condition 

6. 

B  onding/Thinning 

Reset  Front  Boundary 

7. 

Frontside  Passivation 

Reset  Front  Boundary  Condition 

8. 

Patterning 

None 

9. 

Implant 

Point/Extended  Defect/Impurity  Generation/Diffusion 

10. 

Anneal 

Same  as  5. 

11. 

BEOL  Processing/Assy. 

None 

12. 

Final  Bake 

Same  as  5. 
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specifies  the  properties  of  the  boundaries  (Hg  flux  as 
a  function  of  pressure  for  an  uncapped  surface  or  a 
zero  flux  condition  for  a  capped  surface).  It  is  imag¬ 
ined  that  future  device  generations  will  employ  ener¬ 
getic  processes  in  the  active  device  regions  so  a  “plasma 
etch”  module  is  also  included. 

At  this  point,  the  classical  functions  of  a  process 
simulator  would  be  complete,  taking  the  process  pa¬ 
rameter  inputs  and  providing  outputs  which  would  be 
the  dopant,  point  defect,  and  extended  defect  profiles 
after  a  sequence  of  unit  process  steps.  This  requires 
an  appropriate  10  structure  which  allows  for  the 
proper  sequencing  of  the  modules.  This  is,  however, 
only  one  piece  of  the  TCAD  required  for  computa¬ 
tional  prototyping.  The  other  pieces  are  circuit  and 
device  simulators  as  well  equipment  models.  Given  a 
well  integrated  set  of  simulators  for  circuit,  device, 
process,  and  equipment  modeling,  process  synthesis 
can  be  implemented  and  the  virtual  factory  achieved.9 

Our  simulator  being  developed  will  have  the  ability 
to  interact  with  existing  device  modeling  simulators 
by  providing  the  materials  profile  information  as  the 
necessary  inputs  to  PISCES,  SemiCad,  etc.  In  addi¬ 
tion  the  mapping  of  process  parameter  variations  into 
the  statistical  equipment  parameter  space  is  possible 
through  the  creation  of  technology-based  response 
surfaces.  However,  to  enhance  the  utility  of  the  pro¬ 
cess  simulator,  device  and  equipment  simulation  fea¬ 
tures  will  be  imbedded  to  allow  rapid  estimates  of  the 
consequences  of  process  variations  on  equipment  and 
device  electrical  properties. 


The  Ds  are  the  various  diffusion  coefficients,  g  is  the 
generation  rate  constant  for  vH Ji„  pairs,  kiv  is  the 
recombination  rate  constant,  and  Cf  is  the  density  of 
possible  Hg  vacancy  sites  from  hop  to  hop.  The  meth¬ 
odology  for  the  Hg  vacancies  and  interstitials  has 
been  discussed  previously  and  will  not  be  repeated 
here.10-12  For  the  antisites,  it  is  assumed  that  they  can 
be  grown  or  diffused  in  but  not  created  otherwise  in 
the  bulk  of  the  MCT.  The  possible  reactions  for  cre¬ 
ation  of  antisites  are  (except  for  implant  or  other 
energetic  process): 

vHgg  o  TeHg  +  vTe  or  iTe  <->  TeHg  +  iHg. 

Since  both  of  these  reactions  require  defects  that  are 
believed  to  only  occur  in  extremely  small  concentra¬ 
tions  (vTe  and  iTe),  the  assumption  is  justified. 

The  equations  appear  straightforward  except  for 
the  two  terms  on  the  right  hand  side  in  the  antisite 
diffusion  equation  relating  to  Hg  vacancies.  We  choose 
here  to  implement  the  physically  accurate  form  for 
diffusion  via  a  vacancy  mechanism  instead  of  using 
the  approximate  form  where  the  effective  antisite 
diffusion  coefficient  is  assumed  to  be  proportional  to 
the  Hg  vacancy  concentration.  The  boundary  condi¬ 
tions  currently  implemented  take  the  form: 


where  the  equations  for  interstitials  and  antisites  are 
similar.  For  a  typical  case,  the  h2s  are  only  functions 
of  temperature  and 


MCT  PROCESS  SIMULATION  STATUS: 

POINT  DEFECTS  AND  DIFFUSION 

In  the  remainder  of  this  paper,  the  status  of  the 
current  simulation  capabilities  and  on-going  efforts 
to  expand  these  capabilities  to  span  the  process  flow 
of  Table  I  will  be  discussed.  The  heart  of  the  simulator 
is  the  diffusion  module  which  will  ultimately  track 
profiles  of  Hg  vacancies  (v),  interstitials  (i),  and  ex¬ 
cess  Te  (as  a  Te  antisite)  (a),  and  the  formation  and 
dissolution  of  dislocations  and  Te  precipitates,  as  a 
function  of  the  process  history  of  the  MCT  material, 
including  annealing  in  various  ambients,  ion  implan¬ 
tation,  and  plasma  and  reactive  ion  etching.  In  addi¬ 
tion,  impurities  can  be  handled  in  a  similar  way.9  The 
basis  of  this  module  is  a  set  of  continuity  equations  for 
the  various  species  of  interest,  with  the  initial  and 
boundary  conditions  and  temperature  as  the  inputs 
for  a  given  process  step .  F or  Hg  vacancies,  interstitials, 
and  Te  antisites  the  equations  to  be  solved 


3v  d2v 

—  =  D  —  +  g-k.  vi 

at  v  ax2  B  iv 

(1) 

3i  r,  32i  , 

at  1  ax2  g  ,v 
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_  v  p  32a  a  p  32v 

(3) 

h  otP  ’h  a  P  -1*h  otP  ~2 

Ii3i  u,  -l  Hg,  H3v  u,  JTHg  ,  Ii3a  u  JTHg 

Considering  only  the  vacancy/interstitial  problem 
for  the  moment,  we  can  see  that  in  order  to  obtain  an 
accurate  solution,  the  eight  (seven  independent)  ma¬ 
terials  parameters  Dv,  g,  kiv,  Di?  h2v,  h3v,  h2i,  and  h3i, 
must  be  known  for  the  specific  problem,  with  the  hs 
specific  to  the  actual  boundaries  (different  for  a  vacuum 
interface  vs  an  interface  with  CdTe,  etc.).  We  typically 
drive  the  boundary  only  via  the  Hg  interstitials, 
leading  to  six  parameters  (the  surface  vacancy  con¬ 
centration  equilibrates  to  the  interstitial  concentra¬ 
tion  via  the  generation  and  recombination  terms). 

The  relationship  between  these  parameters  and 
those  typically  measured  experimentally  will  now  be 
given.  The  most  well  known  value  is  the  Hg  vacancy 
concentration  as  a  function  of  temperature  and  pres¬ 
sure.  In  terms  of  the  above  parameters,  it  is 


v=-lL 

kA 


(5) 


assuming  that  the  hs  are  zero  and  remembering  that 
h3i  a  PHg*  Additional  information  is  obtained  from 
previous  radiotracer  experiments  of  Hg  self-diffusion, 
leading  to  the  relationship  for  the  radiotracer  Hg 
diffusion  coefficient: 
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Fig.  1 .  Plots  of  the  square  of  the  junction  depth  divided  by  time  vs 
inverse  temperature  for  an  “n  on  p”  process  where  MCI  initially  doped 
with  both  vacancies  and  a  low  lever  donor  is  exposed  to  Hg  vapor  at 
the  given  temperature.  The  solid  circles  are  from  Jones  et  at, 13  line 
from  Eq.  (7),  and  solid  squares  from  the  output  of  the  process 
simulator. 


for  the  “slow”  component  of  diffusion.  A  final  ex¬ 
periment  that  assists  in  determining  the  parameters 
is  “type  conversion”  where  an  initially  vacancy  doped 
material  is  converted  to  n-type  by  the  in-diffusion  of 
Hg.  For  low  temperatures,  vacancy  diffusion  is  negli¬ 
gible,  leading  to  a  junction  depth: 


x. 


2 


j 


2Dih3it 

Voh2i 


(7) 


where  t  is  time  and  vo  is  the  initial  vacancy  con¬ 
centration.  With  only  three  measurements  and  six 
parameters  to  determine,  the  situation  may  seem 
hopeless.  However,  in  many  cases,  the  solutions  are 
relatively  insensitive  to  parameter  values  so  long  as 
relationships  between  the  parameters  are  preserved. 
The  least  sensitive  is  the  value  for  the  boundary 
conditions;  so  long  as  the  h2:h3  ratio  is  fixed  (and  both 
values  are  large  enough),  the  ultimate  solutions  are 
little  effected.  This  is  easily  seen  in  the  above  equa¬ 
tions,  where  only  the  ratio  itself  appears.  The  same  is 
true  for  the  g:kiv  ratio.  For  low  temperatures  and 
relatively  high  Hg  partial  pressures,  vacancy  diffu¬ 
sion  can  also  be  neglected,  leading  to  an  additional 
simplification.  Additional  information  from  the  lit¬ 
erature  also  provides  limits  on  the  various  param¬ 
eters.  For  example,  the  type  conversion  process  lead¬ 
ing  to  n  on  p  diodes  at  lower  temperatures,  described 
by  the  equation  above  implies  that  both  vacancy 
diffusion  is  slow  compared  to  interstitial  diffusion 
and  that  interstitial  diffusion  is  slow  compared  to 
vacancy/interstitial  recombination.  This  leads  to  the 
inequalities 
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good  at  lower  (<  200°C)  temperatures.  Values  for  the 
critical  parameters  currently  implemented  are: 

v  =  3.3  x  1028  (expC-l^GS/kT))?-1  cm-3 
Dv  =  1.2  x  105  exp(-1.51/kT)  cmV1 


D;h3i 


1.43  x  1G13  (exp(-0.457/kT))P  cm^s4 


-i-  =  2.0x  1044  exp(-1.97/kT)  cm-6 

kiv 

where  the  energies  are  given  in  eV  and  Hg  pressures 
in  atmospheres.  An  example  of  the  use  of  the  model  is 
shown  in  Fig.  1  for  fits  to  type  conversion  data.13  The 
equation  fit  refers  to  Eq.  (7);  the  deviation  from  this 
equation  is  due  to  Hg  vacancy  diffusion,  especially  for 
the  higher  temperatures. 

A  major  reason  to  model  the  Hg  antisites  is  the 
claim  that  they  can  lead  to  the  formation  of  Te  precipi¬ 
tates  (when  at  supersaturated  concentrations)  and 
may  be  a  dominant  diffuser  in  the  dissolution  of  Te 
precipitates.  The  key  experimental  unknowns  in  the 
antisite  modeling  are  the  equilibrium  values  as  a 
function  of  Hg  pressure  (the  effective  diffusion  coeffi¬ 
cient  is  determined  from  the  vacancy  diffusion  coeffi¬ 
cient  given  above).  Even  without  these  values,  we  can 
assess  the  effect  of  a  particular  annealing  schedule  in 
reducing  the  concentration  and  more  accurate  values 
of  these  concentrations  are  becoming  available  from 
first  principles  calculations.7  An  example  of  two  such 
simulations  are  shown  in  Fig.  2.  As  can  be  seen, 
conditions  leading  to  larger  diffusive  fluxes  of  antisities 
are  just  those  leading  to  high  vacancy  concentrations. 

MCT  PROCESS  SIMULATION  STATUS: 

IMPLANTATION 

The  use  of  implantation  for  the  VIP  architecture  for 
MCT  IRFPAs  differs  significantly  from  its  use  in 
other  technologies.  The  principle  effect  of  implanta¬ 
tion  in  MCT  VIP  technology  is  to  create  Hg  interstitials 
which  can  be  released  and  rapidly  diffuse  and  annihi¬ 
late  vacancies  or  kick  out  other  impurities.  For  va¬ 
cancy  doped  material  this  leads  to  an  n  on  p  structure 
for  the  photodiode.  This  mechanism  is  also  one  of  the 
most  important  areas  for  current  research  in  Si  pro¬ 
cessing,  causing  transient  enhance  diffusion  (TED)  of 
shallow  implants  into  source  and  drain  regions. 

Many  researchers  employ  the  “plus-one”  model  for 
TED.14  In  this  model,  each  implanted  ion  displaces  a 
Si  atom  from  its  lattice  site  into  an  interstitial  posi¬ 
tion,  thereby  creating  an  effective  dose  of  Si  interstitials 
equal  to  the  implanted  dose.  The  other  model  that  is 
used  to  simulate  TED  is  the  “Frenkel”  model.15’16  In 
this  model,  vacancy-interstitial  pairs  are  produced 
when  implanted  ions  transfer  sufficient  energy  to 
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lattice  atoms  to  displace  them  from  their  lattice  sites. 
Most  of  these  Frenkel  pairs  recombine  during  implan¬ 
tation  or  in  the  first  moments  of  the  anneal,  but  if  the 
momentum  transfer  to  the  recoil  is  large,  separation 
of  the  pairs  can  occur,  leading  to  regions  of  excess 
vacancies  and  interstitials.  The  vacancy-rich  region 
is  nearer  the  surface,  while  the  interstitial-rich  re¬ 
gion  is  deeper  into  the  material  because  most  high 
momentum  transfer  events  are  in  the  forward  direc¬ 
tion.  The  excess  surface  vacancy  concentration  can  be 
increased  if  significant  numbers  of  lattice  atoms  are 
sputtered  out  of  the  material.17  The  sputtering  yield 
generally  increases  as  the  implant  energy  and  tem¬ 
perature  decrease. 

The  dominant  source  of  interstitials,  plus-one  or 
Frenkel  pairs,  is  determined  by  the  energetics  of  the 
ion-target  system.  If  the  momentum  transferred  from 
the  ion  to  the  recoil  is  small,  (light  ions  implanted  into 
heavier  targets),  the  separation  of  the  resultant 
Frenkel  pairs  will  be  small  and  the  plus  one  inter¬ 
stitials  will  predominate.  As  the  momentum  transfer 
increases  (heavier  ions  implanted  into  lighter  tar¬ 
gets),  the  contribution  to  the  excess  interstitial  con¬ 
centration  from  Frenkel  recoils  will  increase  and 
eventually  predominate.  The  ion-target  combinations 
at  which  this  occurs  depend  not  only  on  the  masses  of 
the  ion  and  lattice  atoms,  but  also  on  the  lattice 
displacement  energy,  Ed,  and  to  a  lesser  extent,  the 
energy  of  the  incident  ion. 

Modeling  of  B  implantation  into  MCT  builds  on  the 
plus-one  and  Frenkel  models  described  above,  but 
with  significant  differences.  Hg  has  a  smaller  dis¬ 
placement  energy  compared  to  Cd  and  Te,  and  many 
Hg  recoils  will  be  generated  per  incident  ion.  Because 
B  is  so  light  compared  to  Hg  (or  Te  and  Cd),  however, 
very  little  momentum  is  transferred  from  the  ion  to 
the  recoil.  Furthermore,  much  of  the  B  may  remain 
interstitial  due  to  its  small  size,  reducing  the  number 
of  “plus  one”  interstitials  to  an  unknown  fraction. 

As  with  implantation  into  Si  and  GaAs,  extended 
defects  formed  during  implantation  of  HgCdTe  play 
an  important  role  in  regulating  the  post-implant 
point  defect  concentrations.  The  most  easily  observed 
extended  defects  are  extrinsic  dislocation  loops,  which 
appear  in  cross-sectional  transmission  electron  mi¬ 
croscopy  (TEM)  images  as  a  band  extending  from  the 
surface  to  near  Rp,  the  projected  range.  These  extrin¬ 
sic  loops  are  believed  to  coalesce  from  free  interstitials 
created  during  the  implant.  They  serve  as  both  sources 
and  sinks  for  point  defects,  growing  or  shrinking  in 
the  process.  Interstitials  captured  by  the  loops  are  not 
free  to  diffuse  through  the  lattice.  Observation  of 
changes  in  the  area  bound  by  the  loops  using  TEM  is 
a  means  of  measuring  point  defect  fluxes  and/or 
concentrations.18-20  Other  extended  defects  that  might 
form  during  implantation  are  voids  and  interstitial 
clusters.  Voids  coalesce  from  excess  vacancies,  while 
clusters  can  be  viewed  as  interstitial  precipitates. 
Unlike  dislocation  loops,  both  of  these  defects  are 
three  dimensional.  They  are  much  more  difficult  to 
observe  because  of  their  small  size  and  often  dilute 
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concentration.  Both  can  serve  as  point  defect  sources 
and  sinks.  A  comprehensive  model  of  implantation  of 
HgCdTe  will  need  to  incorporate  the  role  of  disloca¬ 
tions,  voids  and  clusters  in  regulating  point  defect 
concentrations. 

Development  of  an  ion  implantation  module  for  the 
HgCdTe  process  simulator  has  thus  far  focused  in  two 
areas.  The  first  is  to  gather  data  from  the  literature 
for  both  calibration  and  validation  of  the  implant 
models.  Implanted  ion  profiles  can  generally  be  repre¬ 
sented  by  a  four  moment  (Pearson-IV)  distribution. 
These  moments  are  being  extracted  from  the  experi¬ 
mental  profiles  and  placed  into  a  lookup  table.  Once 
the  table  is  complete,  implant  profiles  as  a  function  of 
ion,  dose,  and  energy  can  be  generated.  The  second 
area  of  focus  in  implant  modeling  involves  defining 
the  initial  point  defect  concentrations  prior  to  the 
anneal.  We  have  used  a  Monte  Carlo  code  known  as 
TRIM  (TRansport  of  Ions  in  Matter)8  to  predict  the 
number  of  point  defects  generated  under  varying 
implant  conditions.  TRIM  uses  a  binary  collision 
approximation  (BCA)  and  therefore  does  not  account 
for  the  energy  dissipation  to  neighboring  atoms.  TRIM 
also  does  not  calculate  channeling  tails  because  it 
assumes  an  amorphous  target.  Despite  the  limitations 
of  TRIM  and  other  BCA  codes,  they  provide  valuable 
insights  into  the  kinetic  processes  occurring  during 
implantation.  An  example  of  a  TRIM  simulation  of  a 
150  keV  B  implant  into  Hg0  8Cd0  2Te,  showing  both  the 
ion  and  Hg  recoil  profiles,  is  overlayed  with  the 
secondary  ion  mass  spectroscopy  data  in  Fig.  3  along 
with  a  comparison  to  experimental  data  including  a 
Pearson  IV  fit.  Because  B  is  a  light  ion,  most  of  its 
stopping  is  electronic.  In  spite  of  this,  approximately 
1000  Hg  recoils  are  produced  per  incident  ion.  Most  of 
these  recoils  will  recombine  with  vacancies  during 
the  implant,  but  a  fraction  will  remain  as  free 
interstitials  and  diffuse  into  the  lattice  or  lead  to  the 
formation  of  dislocations.  The  Hg  contained  in  these 


Depth  (microns) 

Fig.  2.  Plots  of  the  Te  antisite  profiles  for  a  1 00  micron  slice  of  MCT. 
Solid  line  is  assumed  initial  concentration  equilibrated  on  the  Te-rich 
side  of  the  phase  diagram  at  490°C.  Dashed  line  is  for  a  400°C,  Hg 
saturated  anneal  for  1  week;  dashed-dotted  for  a  Te-saturated  anneal 
for  24  h. 
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Fig.  3. 1 50  keV,  1  x  1 014  cm-2  B  implant  into  Hg08Cd02Te.  Comparison 
of  SIMS  and  Pearson-!V  and  TRIM  simulations.  The  as-implanted  Hg 
recoil  distribution,  as  predicted  by  TRIM,  is  also  shown. 


dislocations  can  be  released  later  during  elevated 
temperature  anneals.  Knowing  the  number  and  dis¬ 
tribution  of  these  interstitials  provides  the  initial 
condition  for  the  post-implant  anneal. 

MCT  PROCESS  SIMULATION  STATUS: 
CONCLUSIONS  AND  FUTURE  WORK 

We  have  described  the  status  of  the  Stanford  Uni¬ 
versity  Process  Simulator  for  MCT.  Currently,  we 
have  the  capability  to  model  Hg  vacancy  and  intersti¬ 
tial  diffusion,  Te  antisite  diffusion,  and  Au  diffusion;9 
algorithms  for  ion  implantation  have  been  developed 
and  are  to  be  added  to  the  simulator  in  the  near 
future.  An  upcoming  task  is  to  develop  and  implement 
models  in  the  simulator  to  investigate  extended  de¬ 
fect  (Te  precipitate,  dislocations,  and  implant  and  ion 
induced  damage)  nucleation,  growth,  and  dissolu¬ 
tion.  Methods  for  this  implementation  will  be  based 
on  similar  models  being  applied  to  Si  dislocation 
problems.19’21-22 
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We  studied  the  effect  of  dislocations  on  the  1/f  noise  current  of  long  wavelength 
infrared  photodiodes  fabricated  with  HgCdTe  layers  grown  on  GaAs  by 
metalorganic  vapor  phase  epitaxy.  N-on-p  junctions  were  formed  by  boron  ion 
implantation  into  Hg-vacancy  doped  epilayers.  The  1/f  noise  dominated  from  0.5 
to  100  Hz,  and  shot  noise  caused  by  photocurrent  ( J2el  ~  I  dominated  at  higher 
frequencies.  We  observed  two  types  of  1/f  noise.  One  is  caused  by  the  leakage 
current  generated  at  dislocations,  and  the  other  is  induced  by  the  photocurrent. 

The  1/f  noise  current  increased  with  the  photon  flux  in  the  low-etch  pit  density 
(EPD)  range  independently  of  EPD.  It  increased  with  EPD  in  the  high-EPD 
range.  The  1/f  noise  current  measured  at  zero  field  of  view  increased  with  EPD. 

This  suggests  that  the  1/f  noise  generated  by  the  photocurrent  dominated  in  the 
low-EPD  range,  and  that  the  1/f  noise  current  caused  by  dislocations  dominated 
in  the  high-EPD  range.  In  order  to  obtain  a  thermal  image  of  a  room-tempera¬ 
ture  object,  the  1/f  noise  current  induced  by  background  photon  flux  is  as  high 
as  that  caused  by  dislocations  of  more  than  107  cm-2.  Therefore,  the  1/f  noise 
current  induced  by  the  photocurrent  is  dominant  in  photodiodes  fabricated  with 
HgCdTe  layers  on  GaAs,  since  the  EPD  is  less  than  2  x  106  cnr2.  We  expect  the 
detectivity  to  be  as  high  as  with  LPE-layers.  We  fabricated  64  x  64  photodiode 
arrays,  and  obtained  a  thermal  image. 

Key  words:  1/f  noise,  HgCdTe,  IR  photodiodes,  metalorganic  vapor  phase 
epitaxy  (MOVPE) 


INTRODUCTION 

Growth  of  mercury  cadmium  telluride  (HgCdTe)  on 
GaAs  by  metalorganic  vapor  phase  epitaxy  (MOVPE) 
growth  is  one  of  the  most  promising  methods  for 
fabricating  large-scale  infrared  focal  plane  arrays 
(IRFPAs).  MOVPE  is  suitable  for  growing  large  wa¬ 
fers  with  uniform  composition  and  thicknesses1-2  and 
GaAs  substrates  are  available  in  3  inch  sizes  or 
larger.  The  most  serious  problem  with  growing  on 
GaAs  is  the  dislocations  caused  by  lattice  mismatch 
between  GaAs  and  CdTe  (14.6%).  We  reduced  the 
dislocation  densities  of  HgCdTe  layers  to  less  than 
2  x  106  cm-2  by  optimizing  the  thickness  of  the  CdTe 
buffer  layers.3  This  value  is  the  lowest  ever  reported 
for  as-grown  surfaces,  but  is  still  one  order  of  magni¬ 
tude  higher  than  that  of  LPE-HgCdTe  layers  on 
lattice  matched  CdZnTe  substrates. 

Dislocations  have  been  known  to  increase  dark 
current,  the  1/f  noise  at  zero  field  of  view  FOV,  and  the 
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photo-induced  1/f  noise  in  photodiodes.4-5  The  depen¬ 
dence  of  R0A  and  1/f  noise  at  zero-FOV  has  been 
reported,4  but  that  of  photo-induced  1/f  noise  has  not, 
yet.  Photo-induced  1/f  noise  is  assumed  to  lower  the 
S/N  ratio  of  photodiodes.  We  must  know  the  depen¬ 
dence  of  photo-induced  1/f  noise  on  dislocations  in 
order  to  deduce  the  upper  limit  of  the  dislocation 
density  to  obtain  a  required  performance  of  photo¬ 
diodes. 

We  investigated  the  dependence  of  the  1/f  noise 
current  in  n-on-p  photodiodes  on  the  amount  of  inci¬ 
dent  photons  and  on  the  etched  pit  densities  (EPD). 
Then,  we  discuss  the  effect  of  dislocations  on  the  1/f 
noise,  and  the  possibility  of  using  a  HgCdTe  epilayer 
on  GaAs  for  LWIR  photodiode  arrays. 

EXPERIMENTS 

We  grew  HgCdTe  by  the  direct  alloy  growth  (DAG) 
using  MOVPE.  The  details  of  the  growth  have  been 
previously  reported. 1-3  The  substrates  were  GaAs 
(100),  offset  by  2°  toward  (110),  and  HgCdTe  (100) 
epilayers  were  grown  using  10  to  20  nm  ZnTe  layers. 
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Fig.  1.  Current- voltage  characteristics  of  the  photodiodes  fabricated 
with  HgCdTe  grown  on  GaAs  by  MOVPE.  The  dark  current  is  as  low 
as  that  with  LPE-grown  HgCdTe  on  a  lattice-matched  CdZnTe  sub¬ 
strate. 
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Fig.  2.  The  dependence  of  dynamic  resistance  area  product  at  zero 
bias  and  the  maximum  value  on  EPD. 


-  ®  H  B  ^ 

FL  A  ' 

d(max) 

;  H  ; 

""□]  - 

□ 

□ 

□ 

,R0A  i 

The  thickness  of  CdTe  buffer  layers  was  8  jam,  and 
that  of  HgCdTe  layers  was  15  pm.  The  EPD  value  was 
1  to  2  x  106  cnr2,3  and  the  residual  donor  concentration 
was  4  to  5  x  1QU  cm-3.6 

We  fabricated  64  x  64  n-on-p  photodiode  arrays  by 
boron  ion  implantation  into  Hg- vacancy  doped  HgCdTe 
layers.  We  annealed  for  Hg-vacancy  doping  after 
growth,  in  order  to  adjust  the  hole  concentration  to  1 
to  2  x  IQ16  cm-3.  We  used  ZnS  as  an  insulating  layer, 
and  indium  as  an  electrode.  The  junction  area  was 
1.0  x  1Q~5  cm2.  The  center-to-center  spacing  of  the 
individual  elements  was  50  pm. 

We  measured  noise  at  a  detector  temperature  of 
77K,  varying  the  illumination.  Illumination  was  pro¬ 
vided  by  an  object  at  room  temperature  and  varied  by 
changing  the  slit  width  of  the  cold  shield.  The  voltage 


Frequency  (Hz) 

Fig.  3.  Noise  spectra  of  the  photodiode  fabricated  with  HgCdTe/GaAs. 
(a)  zero  FOV,  (b)  incident  photon  flux  is  4.9  x  1016  photons/cm2s,  (c) 
4.9  x  1017  photons/cm2s.  The  1/f  noise  current  dominates  and  in¬ 
creases  with  photocurrent. 

applied  to  the  photodiodes  was  -100  mV.  This  is  used 
as  an  operating  condition  in  those  coupled  with  Si- 
CCD. 

After  measuring  noise,  we  evaluated  the  EPD  for 
each  diode  using  almost  the  same  technique  as 
Johnson.4  The  EPD  was  determined  by  dividing  the 
number  of  etched  pits  in  the  boron-implanted  region 
by  the  junction  area. 

RESULTS  AND  DISCUSSION 

Photodiodes  with  a  low  dark  current  were  fab¬ 
ricated  with  HgCdTe  layers  grown  on  GaAs  by 
MOVPE.  Figure  1  shows  the  current- voltage  charac¬ 
teristics  at  77K  in  the  photodiodes  with  a  cutoff 
wavelength  of  9.7  pm.  The  dynamic  resistance  junc¬ 
tion  area  (RdA)  was  20  £2* cm2  at  zero  bias  and  in¬ 
creased  exponentially  with  reverse  voltage.  The  ide¬ 
ality  factor  was  n  =  1.2,  suggesting  that  the  dark 
current  is  limited  by  the  diffusion  current  near  zero 
bias.  RdA  reached  103  £2*cm2  at  Vd  =  -70  mV.  RdA  at 
zero  bias  (R0A)  and  the  maximum  value  of  RdA  (Rd(maxjA) 
were  comparable  to  those  for  devices  fabricated  with 
LPE-layers  or  bulk  crystal. 

Figure  2  shows  the  dependence  of  R0A  and  Rd(max)A 
on  the  EPD  between  106  and  1G7  cnr2.  In  this  range, 
the  variation  of  R0A  and  Rd(max)A  is  not  seen.  This 
shows  that  the  diffusion  current  and  the  band-to- 
band  tunneling  current,  which  is  not  related  to  dislo¬ 
cations,  is  dominant  in  the  dark  current. 

Figure  3  shows  noise  spectra  of  long  wavelength 
infrared  (LWIR)  photodiodes  in  a  frequency  range  of 
0.25-100  Hz.  The  diode  voltage  was  -100  mV.  The 
noise  current  spectral  density  is  proportional  to  the 
root  of  the  inverse  of  the  frequency.  1/f  noise  current 
is  dominant  in  this  range.  At  higher  frequencies,  the 
noise  current  remained  almost  constant  with  fre¬ 
quency,  and  the  shot  noise  was  dominant. 

The  1/f  noise  current  increased  with  the  amount  of 
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illuminated  photons,  as  shown  in  Fig.  3.  Figure  4  in  our  case. 

shows  the  dependence  of  the  noise  current  density  at  We  investigated  the  dependence  of  the  1/f  noise 

1  Hz  on  the  photocurrent.  The  1/f  noise  current  is  not  current  at  zero  FOV  on  the  EPD  (Fig.  5).  It  increased 

always  proportional  to  the  photocurrent.  For  photo-  with  the  EPD  of  each  diode.  As  shown  in  Fig.  6,  the  total 

currents  of  more  than  lO6  A,  the  values  of  1/f  noise  diode  current  is  almost  constant  with  the  EPD.  As 

currents  in  each  diode  were  almost  the  same.  But  the  shown  in  Fig.  7,  we  defined  the  leakage  current  (Ileak)  as 

noise  values  at  zero  FOV  were  scattered  between  10~13  t  _  t  t 

and  lO-11  A.  This  suggests  that  the  photocurrent  leak  ”  total  ”  diffusion 

causes  the  1/f  noise  and  that  there  are  other  causes  of  where  Itotal  is  the  total  diode  current  and  Idiffusion  is  the 

1/f  noise.  Williams  reported  that  the  1/f  noise  current  diffusion  current.  Idiffusion  is  given  by 

is  proportional  to  the  photocurrent  in  some  diodes, 

assumed  this  to  be  true  for  all  diodes,  and  deduced  j  _  kT 

several  conclusions.5  This  assumption  was  not  valid  diffusion  ~  ejj  > 


Photocurrent  (A) 

Fig.  4.  The  relation  between  1/f  noise  current  at  1  Hz  and  photocurrent. 
1/f  noise  current  increases  with  photocurrent,  but  1/f  noise  current 
does  not  increase  in  low  photocurrent  range  in  some  photodiodes. 


1 06  107  108 
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Fig.  6.  The  dependence  of  the  total  diode  current  on  the  EPD.  The  total 
diode  current  is  almost  constant  with  EPD. 
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Fig.  8.  The  dependence  of  the  leak  current  on  EPD.  The  leak  current 
increased  with  EPD. 


Leakage  current  (A) 

Fig.  9.  The  relation  between  1/f  noise  current  and  the  leak  current.  This 
suggests  that  the  leak  current  caused  by  dislocations  generates  1/f 
noise. 

where  T  is  operating  temperature  and  R0  is  the 
dynamic  resistance  at  zero  bias. 

Figure  8  shows  that  the  leakage  current  increased 
with  the  EPD.  It  is  assumed  that  the  leakage  current 
was  generated  at  dislocations.  The  1/f  noise  current  at 
zero  FOV  is  proportional  to  the  leakage  current,  as 
shown  in  Fig.  9.  Based  on  these  results,  we  speculate 
that  the  leakage  current  generated  at  dislocations 
causes  the  1/f  noise  current.  Our  speculation  is  consis¬ 
tent  with  reported  results.  Johnson  reported  that  the 
1/f  noise  current  depends  on  the  total  diode  current.4 
The  diffusion  current  in  their  heterodiodes  was  less 
than  that  in  ours,  and  therefore  the  total  diode  cur¬ 
rent  was  assumed  to  be  limited  by  the  leakage  current 
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Fig.  10.  The  dependence  of  1/f  noise  current  at  1  Hz  on  EPD.  (a)  zero 
FOV,  (b)  incident  photon  flux  is  2.9  x  1 016  photons/cm2s,  (c)  4.9  x  1 016 
photons/cm2s,  (d)  4.9  x  1017  photons/cm2s.  At  zero  FOV,  1/f  noise 
current  increased  with  EPD.  But  in  low-EPD  range,  1/f  noise  current 
increased  with  photocurrent  and  is  independent  of  EPD.  Therefore, 
two  mechanism  of  1/f  noise  exists. 

in  the  EPD  range  of  106  to  108  cm-2. 

Figure  10  shows  the  dependence  of  the  photo- 
induced  1/f  noise  current  on  the  EPD.  Photo-induced 
1/f  noise  is  almost  constant  with  the  EPD.  This  shows 
that  the  mechanism  of  photo-induced  1/f  noise  gen¬ 
eration  is  independent  of  dislocations.  In  the  thermal 
imaging  of  a  room  temperature  object  at  PI. 5  FOV, 
the  incident  photon  flux  is  more  than  4.9  x  1G16  /cm2s, 
and  the  photo-induced  1/f  noise  is  dominant,  since  the 
EPD  of  HgCdTe  epilayers  on  GaAs  is  1  to  2  x  106  cm-2. 
In  a  low  photon  flux  of  less  than  1016/cm2s,  such 
dislocations  could  be  a  serious  problem. 

The  noise  current  density  I  of  the  1/f  noise  is  given 
by 

In  =  a  (Id)(f)-1/2, 

where  Id  is  the  diode  current,  f  is  the  frequency,  and  a 
is  the  coefficient  deduced  from  the  measurement.7  In 
our  cases,  a  is  about  IQ"5  when  Id  is  the  photocurrent. 
It  is  about  10~3  when  Id  is  the  leakage  current  gener¬ 
ated  at  dislocations.  This  difference  in  a  value  indi¬ 
cates  that  two  different  mechanisms  of  1/f  noise  gen¬ 
eration  exists. 

We  estimated  the  mean-square  noise  current  (l2) 
using, 

L2=jl2n  df, 

where  In  is  the  noise  current  density.  We  summed  the 
noise  current  density  from  0.5  to  105  Hz.  The  detectivity 
(D*)  is  expressed  by 

hc  V 

where  X  is  wavelength,  r\  is  the  quantum  efficiency,  Ac 
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Table  I.  Detectivity  Estimation 
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X 
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is  the  effective  area  of  detection,  and  Af  is  the  width  of 
frequency.7 

The  estimated  results  are  summarized  in  Table  I. 
When  obtaining  a  thermal  image  of  a  300K  object  in 
the  field  of  view  of  f/1.5,  the  1/f  noise  current  induced 
by  the  photocurrent  is  larger  than  that  caused  by 
dislocations.  Therefore,  dislocations  of  less  than 
1  x  107  cm-2  do  not  degrade  the  photodiode  perfor¬ 
mance.  Shot  noise  dominates  in  the  photodiode  fabri¬ 
cated  with  HgCdTe  layers  on  GaAs,  and  a  D*  value  of 
1  x  1011  cm  a/Hz/W  is  anticipated,  since  the  EPD  is  less 
than  2  x  106  cm-2.  For  a  230K  object,  the  photocurrent 
is  ten  times  less,  and  the  1/f  noise  current  caused  by 
dislocations  is  larger  than  that  caused  by  the  photo¬ 
current  in  the  EPD-range  of  more  than  2  x  106  cnr2. 
We  need  to  reduce  the  EPD  to  less  than  2  x  106  cm-2  in 
order  not  to  degrade  the  performance. 

We  fabricated  64  x  64  photodiode  arrays.  The  ther¬ 
mal  image  of  a  face  is  shown  in  Fig.  11.  The  squared 
noise  current  in  photodiodes  was  4.6  x  10-21  A2.  This  is 
almost  the  same  as  the  calculated  shot  noise.  D*  was 
9. 1  x  1010  cm  VHz  /W  and  is  comparable  to  LPE-grown 
layers.  The  rate  of  defective  pixels  was  2%.  A  few 
clusters  of  several  defective  pixels  were  observed.  We 
confirmed  that  these  clusters  were  caused  by  macro 
defects  which  are  the  origin  of  hillock.  We  assumed 
that  these  can  be  eliminated,  since  the  HgCdTe  epilayer 
on  GaAs  (100)  with  regions  larger  than  1  cnr2 
free  of  hillocks  was  reported.8 

SUMMARY 

We  studied  the  effect  of  dislocations  on  the  1/f  noise 
current  in  long  wavelength  infrared  photodiodes.  The 
photodiodes  were  fabricated  using  HgCdTe(lOO)  lay¬ 
ers  grown  on  GaAs(lOO)  by  MOVPE. 

We  observed  two  types  of  1/f  noise.  One  was  caused 
by  the  leakage  current  generated  at  dislocations.  The 
other  was  induced  by  photocurrent  and  was  indepen¬ 
dent  of  dislocations.  When  carrying  out  thermal  im¬ 
aging  of  a  room  temperature  object,  the  photo-in¬ 
duced  1/f  noise  current  was  dominant  in  the  EPD 
range  of  1-2  x  106  cm"2.  Therefore,  the  S/N  ratio  of  the 


Field  of  view:  f/1.5,  a  300  K  object 
Detector  temperature:  77  K 
Cutoff  wavelength:  9.7  pm 
Average  quantum  efficiency:  50% 
Detectivity:  9.1  x  101()  cm/ITz/W 
Defective  pixels:  83  (2%) 


Fig.  1 1 .  Thermal  image  of  a  human  face  composed  by  our  64  x  64 
photodiode  array  fabricated  with  HgCdTe/GaAs  layer. 

photodiode  fabricated  with  HgCdTe  layers  on  GaAs 
was  expected  to  be  as  high  as  with  LPE-grown  layers 
on  lattice  matched  CdZnTe.  We  fabricated  64  x  64 
photodiode  arrays  and  obtained  a  thermal  image.  The 
detectivity  was  9.1  x  1010  cmx/Hz/W.  These  results 
show  that  high-performance  photodiodes  can  be  fab¬ 
ricated  using  MOVPE-grown  HgCdTe  layers  on  GaAs. 
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It  has  been  established  that  a  compound  present  as  an  impurity  in  the  propan- 
2-ol  used  in  the  preparation  of  GaAs  (100)  substrates  for  the  metalorganic  vapor 
phase  epitaxy  growth  of  (Hg,Cd)Te  has  a  marked  effect  on  the  crystalline 
perfection  and  surface  morphology  of  the  resulting  layers.  In  particular,  the 
presence  of  this  species,  which  contains  Na,  ensures  that  (i)  the  epitaxial 
overgrowth  is  of  (100)  orientation  without  the  need  for  ZnTe  nucleation  layers, 
and  (ii)  the  density  of  pyramidal  hillocks  on  the  surface  can  be  reproducibly  <  10 
cm-2. 
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INTRODUCTION 

Historically,  one  of  the  major  problems  with  epi¬ 
taxial  (Hg,Cd)Te  (MCT)  grown  by  metalorganic  vapor 
phase  epitaxy  (MOVPE)  has  been  the  presence  of 
surface  morphological  defects  either  faceted  (hill¬ 
ocks),  polycrystalline  lumps  or  a  combination  of  the 
two,  often  with  a  density  of  >104  cm-2.  Photographs  of 
these  defects  can  be  seen  in,  for  example,  Refs.  1  to  7. 
Although  the  origin  of  hillocks  has  not  yet  been 
uniquely  identified,  considerable  work  has  been  done 
to  elucidate  their  nature.  Indeed,  there  are  probably 
several  possible  causes  of  the  surface  morphological 
defects  and  more  than  one  type  may  exist  on  a  given 
layer.  In  extreme  growth  conditions,  there  may  be  a 
large  density  of  polycrystalline  lumps  and  faceted 
hillocks  with  a  range  of  different  sizes.  These  features 
are  due  to  dust  formation  during  growth  of  the  epi- 
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taxial  layer  and  may  be  virtually  eliminated  by  care¬ 
ful  control  of  the  growth  conditions.  The  more  persis¬ 
tent  type  of  morphological  defect  shows  a  characteris¬ 
tic  of  having  identical  sized  faceted  features  for  a 
given  epitaxial  layer.  These  faceted  features  have  all 
originated  at  the  substrate/layer  interface,  their  lat¬ 
eral  dimensions  are  directly  proportional  to  the  layer 
thickness  and  they  are  invariably  crystallographi- 
cally  aligned  with  the  substrate.  The  faceted  hillock  is 
usually  submicron  in  height,  but  it  is  often  decorated 
with  a  polycrystalline  lump  up  to  50  pm  high  which 
can  cause  severe  problems  in  device  fabrication.  Lay¬ 
ers  containing  a  variable  density  of  such  hillocks  have 
been  assessed  by  double  crystal  x-ray  diffractometry.7’8 
The  full  width  half  maximum  (FWHM)  of  double 
crystal  rocking  curves  was  shown  to  increase  signifi¬ 
cantly  in  areas  of  poor  surface  morphology.  Further 
assessment9  showed  that  the  anisotropy  in  FWHM 
measurements,  when  the  sample  is  rotated  90°  about 
its  surface  normal,  is  most  pronounced  in  and  close  to 
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Fig.  1.  Secondary  ion  mass  spectroscopy  depth  profiles  for  Na 
obtained  from  layers  of  (Hg,Cd)Te  grown  by  MOVPE  onto  (1 00)  GaAs 
at  370°C.  Final  substrate  rinses  were  (a)  Na-contaminated  propanol 
from  supplier  2,  and  (b)  Na-free  propanol  from  supplier  1 . 

regions  of  high  hillock  density.  Texture  camera  analy¬ 
sis  of  these  regions  has  revealed  the  presence  of 
twinning.  Both  the  <122>  surface  normal  and  <447> 
surface  normal  (twinning  within  the  twin)  were  seen. 
The  twin  density  was  also  measured  to  be  an  order  of 
magnitude  higher  in  the  direction  of  high  FWHM. 
This  very  poor  structural  quality  in  regions  close  to 
high  hillock  density  can  be  extremely  detrimental  to 
the  quality  of  devices  fabricated. 

Methods  of  reducing  the  numbers  of  surface  fea¬ 
tures  on  the  (100)  orientation  have  been  proposed, 
such  as  the  use  of  buffer  layers  consisting  of  combina¬ 
tions  of  discrete  HgTe  and  CdTe  layers  or  graded  from 
ZnTe  to  CdTe.10  The  lowest  achievable  hillock  densi¬ 
ties  quoted  in  the  literature  are  of  the  order  of  10  cnr2, 
1  cm2  free  of  hillocks  was  also  reported  but  this  was 
not  reproducible,7  In  addition  to  surface  quality,  the 
morphology  between  the  hillocks  has  often  been  found 
to  be  variable  and  nonreproducible  and  we  have  found 
that  this  variation  in  background  morphology  also 
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reflects  variation  in  crystallinity  and  hence  crystal 
quality.  This  paper  details  a  way,  discovered  in  our 
laboratories,  of  overcoming  many  of  these  problems 
for  growth  onto  (100)  GaAs  substrates  through  the 
control  of  trace  quantities  of  sodium  salts  in  the  final 
stages  of  substrate  preparation. 

EXPERIMENTAL 

GaAs  (100)  substrates  were  prepared  by  degreas¬ 
ing  in  trichloroethylene,  etching  in  5:1:1 
H2S04:H20:H202  for  5  min,  washing  in  water  and 
boiling  in  propan-2-ol  before  drying  and  loading  into 
the  MOVPE  growth  reactor.  The  substrates  were 
heated  to  385°C  and  baked  for  20  min  before  cooling 
to  320°C.  Di-iso-propyl  telluride  (Ph2Te)  was  flushed 
into  the  reactor  to  maintain  the  (100)  orientation11 
and  growth  was  initiated  by  switching  in  di-methyl 
cadmium  (Me2Cd).  After  a  fraction  of  a  micron  of  CdTe 
had  been  deposited,  the  temperature  was  raised  to 
370°C  and  the  rest  of  the  6  pm  CdTe  buffer  grown.  12 
pm  of  (Hg,Cd)Te  were  grown  onto  this  at  370°C  using 
the  interdiffused  multilayer  process  (IMP).6  All  layers 
were  grown  on  a  Thomas  Swan  MOVPE  system  with 
hydrogen  carrier  gas  being  passed  through  a  palla¬ 
dium  diffuser  before  use.  The  metalorganics  were 
purchased  from  Epichem  Ltd.  and  the  Hg  was  sup¬ 
plied  by  Attenborough  and  Peacock  (Birmingham) 
Ltd. 

Gas  chromatography-mass  spectrometry  (GC-MS) 
analysis  of  propan-2-ol  samples  was  carried  out  on  a 
Hewlett  Packard  5890  Series  II  gas  chromatograph 
fitted  with  a  5970  mass  selective  detector  and  a  7673 
autosampler.  Secondary  ion  mass  spectroscopy  (SIMS) 
analyses  were  performed  on  a  Cameca  IMS  3f  ma¬ 
chine  using  an  02  primary  beam  at  8.0  KeV  energy 
and  1  pA  current. 

RESULTS  AND  DISCUSSION 

It  came  to  our  attention  that  using  the  procedures 
outlined  above,  it  was  possible  to  grow  MCT  layers 
with  dramatically  different  surface  morphologies  while 
using  apparently  identical  growth  conditions.  By  a 
careful  process  of  elimination,  this  difference  was 
eventually  tracked  down  to  the  chemical  cleaning  of 
the  GaAs  and  to  the  source  of  the  propan-2-ol  (propanol) 
used  for  the  final  substrate  rinse.  Propanol  from  one 
source,  supplier  1,  gave  rise  to  layers  which  were 
mainly  matt  with  pyramid  densities  >105cnr2.  Using 
propanol  from  supplier  2  always  resulted  in  very 
shiny  layers  with  a  uniform  background  and  hillock 
densities  ~10  cm-2  and  frequently  approaching  zero. 
As  many  different  batches  of  propanol  as  possible 
from  the  two  suppliers  were  examined  by  GC-MS  to 
determine  if  there  were  any  volatile  impurities  con¬ 
sistently  present.  That  from  supplier  1,  which  had 
given  the  matt  layers,  was  found  to  contain  none 
except  for  traces  of  other  organic  solvents  such  as 
hexane  in  some  batches.  The  propanol  which  gave  the 
good  surfaces  did  contain  another  species  which  was 
eventually  identified  as  the  (C3H70)3B  compound  tri- 
iso-propylborate  [(PPOlgB]  by  comparison  of  the  chro- 
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matographic  retention  time  and  mass  spectrum  with 
those  from  an  authentic  sample.  The  GC-MS  was 
calibrated  for  various  levels  of  (Pr‘0)3B  in  propanol 
and  using  toluene  as  an  internal  standard  for  the 
analysis,  concentrations  of  (PfiOjjB  were  determined 
for  the  different  batches  of  propanol  and  found  to  vary 
between  0.1  and  1.5  ml/litre.  According  to  the  manu¬ 
facturers,  the  final  stage  in  the  preparation  of  the 
propanol  from  supplier  2  was  the  distillation  from 
NaBH4  to  reduce  residual  traces  of  acetone  to  propan- 
2-ol.  It  would  appear  that  this  process  also  contami¬ 
nates  the  propanol  with  (Pr'0)3B. 

To  determine  if  the  tri-tso-propylborate  was  the 
reason  for  the  good  surfaces  being  produced,  it  was 
added  to  the  propanol  from  supplier  1  at  the  concen¬ 
tration  of  1  ml/litre.  Layers  grown  on  GaAs  substrates 
prepared  with  this  contaminated  propanol  were  in¬ 
distinguishable  from  those  prepared  from  the  origi¬ 
nal  uncontaminated  propanol,  i.e.  they  were  matt, 
while  the  control  samples  in  the  same  growth  run, 
prepared  using  propanol  from  supplier  2,  were  of  good 
morphology  with  a  low  hillock  density.  It  was  con¬ 
cluded,  therefore,  that  CPrOpB  was  not  the  active 
ingredient. 

Secondary  ion  mass  spectroscopy  analysis  had  re¬ 
vealed  the  presence  of  sodium  in  MCT  layers  grown 
on  substrates  prepared  from  propanol  obtained  from 
supplier  2  whereas  those  prepared  with  propanol 
from  supplier  1  did  not  (Figs,  la  and  lb).  Over  a  series 
of  layers,  the  following  was  established  as  a  pattern. 
The  best  morphology  layers  were  grown  when  propanol 
from  supplier  2  was  used.  This  propanol  contained 
(Pr'0)3B  and  the  resulting  layers  contained  Na  at  the 
1017  atoms  cm-3  level.  Using  propanol  from  supplier  1 
in  the  substrate  preparation  resulted  in  significantly 
poorer  morphology  but  the  layers  did  not  contain  Na 
(5  x  1013  atoms  cm-3)  and  the  propanol  did  not  contain 


(Pr'0)3B.  It  appeared  that  the  presence  of  sodium  and 
(Pr‘0)3B  were  probably  connected  and  if  (Pr‘0)3B  was 
not  the  source  of  the  improvement,  then  the  presence 
of  Na  could  be  governing  the  crystallinity. 

To  test  this  hypothesis,  two  experiments  were  un¬ 
dertaken.  Firstly,  propanol  from  supplier  1  was  re¬ 
distilled  from  N aBH4  to  replicate  the  final  stage  in  the 
manufacture  of  supplier  2.  Layers  grown  on  sub¬ 
strates  prepared  using  the  resulting  distillate  con¬ 
tained  Na  (1017  atoms  cm-3)  and  had  significantly 
better  surfaces  than  those  prepared  with  propanol  as 
received  from  supplier  1  and  were  comparable  to 
those  using  propanol  from  supplier  2.  Secondly,  the 
propanol  from  supplier  2  was  purified  by  distillation; 
GC-MS  analysis  of  the  distillate  showed  that  it  con¬ 
tained  no  volatile  impurities.  Using  this  distillate  in 
the  GaAs  substrate  preparation  had  the  effect  of 
reducing  the  Na  level  in  the  as-grown  MCT  from  1017 
to  1013  atoms  cm-3.  The  layer  surfaces  were  also 
considerably  worse  with  hillock  densities  of  3  x  103 
cm-2.  This  confirmed  that  the  presence  of  Na  in  the 
final  stages  of  substrate  preparation  had  a  beneficial 
effect  on  the  morphology  and  crystallinity  of  the 
resulting  MCT  layer. 

At  this  stage,  it  seemed  likely  that  the  beneficial 
species  present  in  the  propanol  were  either  sodium 
iso-propoxide  (NaOPr1)  or  Na|B(Pr'0)J  which  was 
decomposing  to  NaOPr1  and  (PfiOljB  on  standing  or 
on  heating  to  above  the  boiling  point  of  propanol 
(82°C)  e.g.  in  the  GC-MS  injection  port.  All  of  these 
compounds  are  volatile  enough  to  distill  over  in  trace 
amounts. 

Alternative  Additives 

Water,  methanol  and  ethanol  have  all  been  tried  as 
a  final  substrate  rinse  instead  of  propan-2-ol  and  in 
conjunction  with  the  growth  procedure  outlined  in  the 


Table  I.  Summary  of  the  Alternative  Final  GaAs  Substrate  Rinses 


Layer 

Additive 

Species 

Concentration  g/1 

Solvent 

Surface  Quality 

Hillock 
Density  (cm-2) 

F323 

NaOH 

0.16 

cold  water 

part  shiny/part  matt 

>2000 

F340 

NaOH 

0.24 

cold  water 

matt 

F341 

NaOH 

0.12 

cold  water 

matt 

F345 

NaOH 

0.16 

methanol 

part  patchy/part  matt 

>300 

F346 

NaOH 

0.16 

hot  water 

shiny  with  matt  lines/ 

3  x  104 

F386 

NaOH  new  bottle 

0.16 

propanol 

drying  stains 
very  shiny 

10 

F422 

NaOH 

0.16 

propanol-same 

matt 

105 

F427 

NaOH 

0.16 

solution  as  F386 
propanol 

matt 

>2  x  104 

F428 

NaOH 

0.16 

propanol 

matt 

5  x  104 

F339 

kbh4 

KOH 

distilled 

0.23 

propanol 
cold  water 

shiny 
very  shiny 

10 

F343 

KOH 

0.11 

cold  water 

very  patchy 

>104 

F347 

KOH 

0.22 

hot  water 

shiny  with  fern-like  drying  stains  50 

F349 

KC1 

0.30 

hot  water 

part  shiny/part  matt 

9x  103 

F338 

Ca(OH)2 

0.29 

cold  water 

matt 

polycrystalline 

F348 

Ba(OH)2 

0.68 

hot  water 

very  matt 

polycrystalline 

F422 

(NH4)2S04 

0.26 

cold  water 

matt 

8x  104 
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Fig.  2.  Secondary  ion  mass  spectroscopy  depth  profile  for  Na  obtained 
after  layer  in  Fig.  la  was  given  a  Hg-rich  isothermal  anneal  at  200°C 
for  67  h. 


experimental  section  all  consistently  produced  sur¬ 
faces  with  considerably  higher  hillock  densities,  a 
poorer  surface  morphology  and  which  were  generally 
less  reproducible  than  those  produced  from  substrates 
prepared  using  the  propanol  from  supplier  2.  Second¬ 
ary  ion  mass  spectrosopy  analysis,  however,  showed 
that  the  layers  did  not  contain  high  Na  concentrations 
(5  x  1015  atoms  cm-3). 

To  confirm  that  Na  was  the  active  species,  we  tried 
adding  various  Na  containing  compounds  to  the  final 
solvent  rinse  and  then  growing  an  MCT  layer  on  top 
in  the  usual  manner.  The  results  are  summarized  in 
Table  I.  A  control  specimen  which  had  been  treated 
with  either  the  propanol  from  supplier  2  or  that  from 
supplier  1  which  had  been  distilled  from  NaBH4  was 
included  in  each  growth  run  to  confirm  that  the 
growth  had  been  successfully  carried  out. 

It  was  assumed  that  for  every  molecule  of  (Pr'Q  ^B 
detected  in  the  propanol,  there  would  be  an  equiva¬ 
lent  Na  atom.  Hence  NaOH  was  dissolved  in  water  to 
give  a  similar  concentration  of  Na  to  that  assumed  to 
be  in  the  contaminated  propanol.  This  is  considerably 
higher  than  the  level  of  0.2  ppm  quoted  by  supplier  2 
to  be  present  in  their  propanol.  The  use  of  the  cold 
solution  as  the  final  rinse  for  GaAs  combined  with  the 
growth  procedure  outlined  in  the  experimental  gave 
layers  of  MCT  with  some  matt  areas  and  some  shiny 
areas.  These  were  not  comparable  with  the  con¬ 
taminated  propanol  from  supplier  2  but  were  an 
improvement  on  the  pure  water  final  rinse.  Higher 
and  lower  concentrations  of  NaOH  were  not  as  suc¬ 
cessful  (layers  F340  and  F341).  The  use  of  hot  NaOH 
solution  in  water  produced  an  improved  shiny  surface 
compared  with  the  cold  solution  but  drying  stains 
became  a  problem.  NaOH  dissolved  in  water/metha¬ 
nol  gave  a  layer  (F345)  with  significant  shiny  areas 
but  some  matt  regions.  Hillock  densities  of  3  x  103  cm™3 
were  achieved.  At  its  best  fresh  NaOH  pellets  from  a 
previously  unopened  bottle  dissolved  readily  in 
propanol  and  gave  an  excellent  layer  (F386)  with  a 


hillock  density  of  ~1G  cnr2  and  a  sodium  level  of 
5  x  IQ17.  It  is  expected  that  both  NaOH  and  NaOPr1 
species  are  present  in  a  propanol  solution  of  NaOH.  In 
conclusion,  although  the  addition  of  NaOH  to  the  final 
solvent  rinse  could  give  a  significant  improvement, 
the  treatment  was  not  found  to  be  reproducible  and 
unless  the  NaOH  was  really  fresh  and  the  solution 
freshly  prepared  the  layers  grown  on  the  resulting 
substrates  were  not  acceptable. 

To  establish  if  this  phenomenon  was  a  unique 
property  of  Na,  other  elements  were  tried.  As  a  first 
step,  propanol  from  supplier  1  was  distilled  from 
KBH4  and  the  distillate  used  for  the  final  rinse  of  the 
GaAs  substrate  prior  to  the  MCT  growth.  The  result¬ 
ing  surfaces  were  shiny  but  with  a  hillock  density  of 
104  cm-2.  In  short,  they  were  not  as  good  as  from 
propanol  distilled  from  NaBPI4  but  a  considerable 
improvement  on  propanol  as  received  from  supplier  1. 
Secondary  ion  mass  spectroscopy  showed  low  Na 
(2  x  IQ15  atoms  cm”3)  and  a  raised  level  of  1016  K  atoms 
cm"3.  The  distillate  from  the  KBH/propanol  was  used 
again  after  storage  for  two  months  after  the  original 
experiments  and  produced  layers  with  poor  surfaces. 
It  was  concluded  that  the  species  in  the  propanol  were 
not  as  stable  as  the  Na  equivalent.  The  potassium 
concentration  is  also  likely  to  be  lower  in  the  distillate 
than  that  of  sodium  from  the  NaBH4.  The  K  contain¬ 
ing  species  will  have  a  higher  molecular  weight  and 
therefore  a  lower  vapor  pressure  and  hence  will  distill 
over  in  lower  concentrations  than  the  Na  analogues 
making  this  a  less  efficient  way  of  introducing  the  K 
impurity. 

KOH  (G.227g/1)  dissolved  in  cold  water  used  as  a 
final  substrate  rinse  produced  a  layer  (F339)  with  a 
mirror-like  surface  and  with  a  hillock  density  of  10 
cm~2.  The  experiment  was  repeated  using  hot  (92°C) 
KOH  solution  at  the  same  concentration.  The  result¬ 
ing  layer  with  50  hillocks  cnr2  was  almost  as  good  as 
that  from  cold  KOH  except  that  drying  stains  became 
a  problem  during  the  blow  dry. 

The  experiment  with  KOH  in  cold  water  was  re¬ 
peated  with  a  KOH  concentration  of  0.11g/l  i.e.  half 
the  previous  level.  While  the  layer  surface  (F343)  was 
still  a  significant  improvement  over  using  clean  water 
as  the  final  rinse,  the  layer  was  not  as  good  as  when 
using  the  higher  concentration.  The  layer  was  shiny 
but  had  a  higher  hillock  density  of  3  x  104  cnr2. 

From  the  above  experiments,  it  was  concluded  that 
Group  I  elements  were  having  a  beneficial  effect  on 
the  surface  of  the  final  layer.  As  a  check  that  it  is  the 
K  or  Na  that  is  effective  and  not  a  basic  solution,  a 
final  rinse  of  KC1  in  hot  (86°C)  water  was  employed 
(F349).  The  concentration  of  KC1  was  0.3Qg/l.  The 
resulting  MCT  layer  was  largely  shiny  with  a  few 
matt  areas  but  a  relatively  high  hillock  density  of 
9  x  103  cm”2.  This,  however,  is  still  an  improvement  on 
the  use  of  water  alone. 

Because  the  presence  of  Group  I  elements  could 
cause  problems  with  the  electrical  properties  of  the 
MCT  layers,  it  was  decided  to  try  Group  II  compounds 
to  see  if  their  presence  in  the  final  solvent  rinse  would 
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be  similarly  beneficial  and  hence  eliminate  any  del¬ 
eterious  effect  on  the  electrical  properties.  Ca(OH)2 
was  insufficiently  soluble  in  water  to  give  a  Ca  con¬ 
centration  equivalent  to  that  of  Na  previously  used. 
Nonetheless,  the  resulting  solution  was  used  as  the 
final  rinse.  It  gave  a  matt  layer.  Mg(OH)2  was  dis¬ 
missed  on  the  grounds  of  insolubility.  Ba(OH)2  dis¬ 
solved  readily  in  hot  water  (0.68g/l).  The  resulting 
solution  was  used  as  the  final  rinse  and  produced  one 
of  the  mattest  MCT  layers  (F348)  ever  seen  in  our 
laboratories! 

As  an  alternative  to  Group  I  elements,  amine/NH4+ 
compounds  were  tried.  (NH4)2S04  in  water,  NH3  in 
water  and  propanol  distilled  from  NMe3-BH3  pro¬ 
duced  variable  results,  none  of  which  were  as  good  as 
propanol  distilled  from  NaBH4. 

Sodium  Incorporation  into  (Hg,Cd)Te  Layers 

As  has  already  been  indicated,  SIMS  analysis  has 
shown  that  when  a  Na  compound  is  present  in  the 
final  substrate  rinse,  Na  is  incorporated  in  the  subse¬ 
quently  grown  MCT  layer.  A  typical  Na  concentration 
within  the  MCT  layer  is  measured  to  be  approxi¬ 
mately  1017  atoms  cm-3  with  lower  Na  concentrations 
incorporated  in  the  CdTe  buffer  and  cap  (Fig.  1).  It  is 
believed  that  the  Na  diffuses  during  layer  growth 
from  the  GaAs  substrate/buffer  interface  into  the 
MCT.  Approximately  one  monolayer  of  Na  would 
need  to  be  adsorbed  onto  the  GaAs  surface  from  the 
propanol  to  produce  a  concentration  of  1017  atoms  cm  3 
throughout  the  10  pm  MCT  layer  after  diffusion. 
Detailed  SIMS  analysis  has  shown  that  the  Na  con¬ 
centration  oscillates  within  the  MCT  layer.  The  peri¬ 
odicity  of  this  oscillation  is  identical  to  the  IMP  cycle 
thickness  and  has  been  proved  not  to  be  an  artifact  of 
the  SIMS  measurement  technique  by  deliberately 
altering  the  IMP  period. 

A  SIMS  plot  of  a  typical  layer  after  a  Hg-rich 
isothermal  anneal  to  remove  Hg  vacancies  is  shown  in 
Fig.  2.  Anneal  conditions  were  200°C  for  67  h.  After 
this  long  anneal,  the  Na  concentration  is  still  high  and 
still  shows  strong  oscillations  within  the  layer.  This 
behavior  contrasts  to  that  of  Na  during  the  Hg-rich 
annealing  of  liquid-phase  epitaxial  MCT  layers  where 
the  Na  level  drops  dramatically  to  <  1014  atoms  cnr3.12 

This  apparent  dilemma  can  only  be  explained  if  it  is 
assumed  that  during  layer  growth  the  Na  diffuses 
rapidly  from  the  GaAs  substrate  surface  to  be  incor¬ 
porated  within  the  MCT  layer.  But  the  Na  must  then 
become  pinned  within  the  residual  IMP  structure; 
and  once  pinned,  it  is  only  very  slowly  released  during 
subsequent  annealing.  This  pinning  produces  the 
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apparent  slow  diffusion  rate  out  of  the  layer.  The 
annealed  layers  are  typically  measured  to  be  p-type 
with  p77  ~  1016  cm-3  and  this  is  believed  to  be  related  to 
the  presence  of  the  pinned  Na  suggesting  that  this 
species  can  be  an  active  acceptor. 

CONCLUSIONS 

In  conclusion,  the  presence  of  a  Group  I  element  on 
the  surface  of  a  GaAs  wafer  significantly  improved 
the  surface  morphology  of  the  resulting  MCT  layer 
when  combined  with  the  specific  growth  conditions 
outlined  in  the  experimental  section.  The  presence  of 
a  Group  II  element  does  not  have  this  effect.  In 
addition,  the  form  in  which  the  element  is  put  onto  the 
surface  is  of  importance  as  is  the  manner  in  which  it 
is  dried  otherwise  the  presence  of  a  dissolved  impu¬ 
rity  can  lead  to  drying  stains  in  the  resulting  mate¬ 
rial.  The  most  successful  final  substrate  rinses  have 
been  the  propanol/NaBH4  distillate  and  KOH  in  cold 
water.  At  this  stage,  it  is  premature  to  speculate  on 
why  the  presence  of  a  Group  I  element  should  have 
such  a  beneficial  effect  on  the  morphology  of  MCT 
layers  grown  onto  (100)  GaAs  or  indeed  what  the 
mechanism  for  this  process  is. 
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Reaction  Chemistry  and  Resulting  Surface  Structure  of 
HgCdTe  Etched  in  CH4/H2  and  H2  ECR  Plasmas 
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Fraunhofer  Institut  fur  Angewandte  Festkorperphysik,  79108  Freiburg, 
Germany 

We  report  on  several  new  aspects  of  etching  of  HglxCdxTe  (x  =  0.22),  HgTe,  and 
CdTe  in  CH4/H2/Ar  plasmas  generated  by  an  electron  cyclotron  resonance 
plasma  source.  Using  a  residual  gas  analyzer,  we  have  identified  elemental  Hg, 
TeH2,  Te(CH3)2,  and  Cd(CH3)2  as  the  primary  reaction  products  escaping  from  a 
HgCdTe  surface  during  the  plasma  exposure.  We  have  also  demonstrated  that 
a  bias  is  not  needed  to  etch  HgCdTe  at  moderate  temperatures  (30-40°C),  as 
previously  suggested  by  other  researchers.  We  have  also  developed  a  technique 
that  avoids  the  formation  of  hydrocarbon  polymer  films  on  a  HgCdTe  sample 
during  etching.  Moreover,  we  have  examined  by  x-ray  photoelectron  spectros¬ 
copy  analysis  and  ellipsometry  the  surface  condition  of  HgCdTe  resulting  from 
etching  with  this  technique  at  zero  bias.  After  exposure  to  the  CH4/H2/Ar  plasma 
(or  to  a  H^Ar  plasma  only),  the  HgCdTe  samples  exhibited  a  depletion  of  the 
HgTe  component  in  the  near  surface  region  (increase  of  the  x-value).  The 
depletion  covered  a  range  from  virtually  x  =  1  after  H,-/Ar  (10:2  in  seem)  etching 
to  values  0.4  <  x  <  0.5  after  CH/H/Ar  (7:7:2  in  seem)  etching.  Exposures  to  the 
plasmas  were  found  to  result  in  surface  roughening  of  HgCdTe,  however, 
plasmas  rich  in  H2  were  observed  to  cause  significantly  rougher  surfaces  than 
plasmas  with  small  Hj/CH4  ratios.  This  difference  in  the  resulting  surface 
condition  is  attributed  solely  to  chemical  effects  since  the  respective  ion  energies 
are  considered  to  be  below  the  damage  threshold  for  HgCdTe  in  both  cases.  We 
also  investigated  the  etching  of  HgTe  and  CdTe  single  crystals.  The  etch  rate  of 
HgTe  was  found  to  be  over  one  order  of  magnitude  higher  than  that  of  CdTe 
under  similar  conditions.  This  large  difference  in  etch  rates  is  assumed  to  be 
responsible  for  the  observed  preferential  etching  of  the  HgTe  component  indi¬ 
cated  by  the  HgTe  depletion  of  the  HgCdTe  surface  region. 

Key  words:  Electron  cyclotron  resonance  (ECR)  plasma,  ellipsometry, 
HgCdTe,  plasma  etching,  x-ray  photoelectron  spectroscopy 
(XPS) 


INTRODUCTION 

Mercury  cadmium  telluride  (HgCdTe)  is  the  stan¬ 
dard  detector  material  used  in  the  fabrication  of  high- 
performance  infrared  focal  plane  arrays  (IRFPAs).  In 
the  lithography  of  mesa  structures  for  IRFPAs,  the 
need  for  anisotropic  etching  increases  as  the  size  of 
the  detector  elements  decreases.  Recent  interest  in 
developing  nanoscale  structures  in  HgCdTe  places 
even  higher  demands  on  etching.  Plasma  etching  of 
HgCdTe  offers  an  alternative  to  wet  etching  with  the 
possible  advantages  of  higher  anisotropy,  lower  con- 
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sumption  of  materials,  cleanliness,  and  compatibility 
with  an  all-vacuum  process. 

One  challenge  in  the  development  of  a  sucessful 
plasma  etching  process  for  HgCdTe  is  the  low  damage 
threshold  of  HgCdTe  to  energetic  ions.  Ion  bombard¬ 
ment  of  HgCdTe  by  ions  in  the  range  of  100-1000  eV, 
such  as  in  an  ion  milling  process,  has  been  shown  to 
cause  type  conversion  of  p-type  material  to  n-type 
extending  tens  of  microns  into  the  substrate.1-4  To 
avoid  the  damage  associated  with  the  removal  of 
substrate  atoms  by  inert-ion  sputtering,  an  etching 
process  is  needed  which  relies  on  solely  chemical 
reactions  to  form  volatile  compounds  with  the  sub¬ 
strate. 
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Fig.  1 .  Schematic  diagram  of  plasma  chamber  and  diagnostic  equip¬ 
ment. 


{Mass  Number)/Charge 

Fig.  2.  Mass  spectrum  of  the  reaction  products  of  (a)  HgCdTe  (x  = 
0.22),  (b)  HgTe  and  (c)  CdTe.  The  spectrum  for  HgTe  (b)  has  been 
divided  by  ten  and  the  spectrum  for  CdTe  (c)  has  been  multiplied  by 
four,  indicating  the  much  larger  flux  of  etch  products  for  HgTe.  The 
different  peaks  within  each  group  are  due  to  the  various  isotopes  of 
Hg,  Cd,  andTe. 


Unlike  in  the  cases  of  Si  and  most  III-V  compounds, 
fluorine  and  chlorine  etching  chemistries  are  not 
viable  for  HgCdTe  due  to  the  low  vapor  pressure  of  the 
cadmium  halides  and  chlorides.3  Recently,  methane 
(CHJ  and  hydrogen  (H2)  plasmas,  which  allow  for  dry 
etching  of  compound  semiconductors  by  the  forma¬ 
tion  of  volatile  methyl  and  hydride  compounds,  have 
been  investigated  as  a  possible  etching  system  for 
both  III-V6-9  and  II-VI10-18  compounds.  Previous  stud¬ 
ies  of  CH4/H2  plasma  etching  of  HgCdTe  have  used 
radio  frequency  (rf)  parallel  plate  reactors,11’12  a  mi¬ 
crowave  resonant  cavity  discharge,5-10  a  microwave 
barrel  reactor,18  and  electron  cyclotron  resonance 
(ECR)  plasma  reactors.13-17  Radio  frequency  parallel 
plate  reactors  suffer  from  the  disadvantage  that  at 


the  low  pressures  needed  for  increased  anisotropy, 
the  ion  energy  can  exceed  several  hundred  volts, 
which  may  lead  to  significant  damage  near  the  sur¬ 
face.  Previous  work  on  microwave  barrel  reactors  and 
microwave  cavity  reactors  suggests  that  the  low  ion 
energies  offered  by  those  methods  lack  the  anisotropy 
needed  for  etching  nanometer  size  structures.5-10’18 

Recent  work  on  HgCdTe  etching  has  focused  on 
ECR  plasmas.13-17  The  main  advantages  of  ECR  plas¬ 
mas  are  a  high  density  of  excited  species  (up  to  10%) 
and  low  ion  energies  (10-20  eV)  at  the  pressures 
needed  for  anisotropic  etching.19  Sidewall  angles  of 
better  than  88°  and  aspect  ratios  of  5:1  have  been 
shown  possible  in  HgCdTe  using  CH4/H2  ECR  plas¬ 
mas.16  The  low  ion  energies  for  ECR  plasmas  has  the 
potential  to  minimize  the  adverse  effects  of  ion  bom¬ 
bardment  such  as  type  conversion,  changes  of  the 
stoichiometric  composition  or  other  damage  phenom¬ 
ena  caused  by  the  absorption  of  ion  energy  in  the  near 
surface  region.  Previous  work  on  CH4/H2  etching 
using  a  rf  parallel  plate  reactor12  has  suggested  a 
preferential  loss  of  Hg,  with  the  Cd  forming  a  film 
which  hindered  the  etching  with  time.  On  the  other 
hand,  electrobeam  electroreflectance  (EBER)  mea¬ 
surements  of  HgCdTe  etched  in  a  gentler  microwave 
cavity  reactor,5  where  the  ion  energy  is  negligibly 
small,  showed  no  measurable  change  in  stoichiom¬ 
etry  for  the  top  4000A  or  so  at  the  surface.  However, 
to  date  no  previous  investigations  of  the  effect  of  CH4/ 
H,  ECR  plasma  etching  on  the  stoichiometric  compo¬ 
sition  of  HgCdTe  surfaces  have  been  published. 

In  this  paper,  we  report  on  an  investigation  on  the 
effects  of  CH4/H2/Ar  ECR  plasmas  on  the  surface 
condition  of  HgCdTe.  We  have  identified  the  etch 
products  during  plasma  exposure  of  HglxCdxTe  (x  = 
0.22),  CdTe,  and  HgTe  and  were  able  to  correlate  the 
relative  abundances  of  the  various  etch  products  to 
the  resulting  surface  condition.  We  found  that  etch¬ 
ing  of  HgCdTe,  CdTe,  and  HgTe  at  no  applied  sub¬ 
strate  bias  is  possible  without  formation  of  a  hydro¬ 
carbon  polymer  film  on  the  substrate.  However, 
HgCdTe  etching  at  even  no  applied  bias  results  inevi¬ 
tably  in  a  region  at  the  surface  depleted  of  the  HgTe 
component  (rich  in  CdTe).  This  region  seems  to  be 
formed  not  by  ion  bombardment  of  the  substrate  but 
mainly  by  chemical  reactions  at  the  substrate,  which 
preferentially  etch  the  HgTe  component  over  the 
CdTe  component. 

EXPERIMENTAL  DETAILS 

To  provide  in  vacuo  characterization  of  the  samples 
after  plasma  exposure,  we  attached  to  an  existing 
surface  analysis  facility  an  UHV  chamber  (Fig.  1) 
equipped  with  a  commercially  available  compact  E  CR 
plasma  source  (ASTEX,  operating  at  875  Gauss  and 
2.45  GHz),  a  differentially  pumped  residual  gas  ana¬ 
lyzer  (RGA)  and  a  single-wavelength  ellipsometer 
(SENTECH).  The  plasma  chamber  was  pumped  with 
a  500  1/s  turbomolecular  pump,  with  a  throttle  valve 
between  the  pump  and  the  chamber  to  control  pump¬ 
ing  speed  and  chamber  pressure.  The  base  pressure  of 
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the  chamber  was  typically  <5  x  10-9  Torr.  The  flows  of 
up  to  four  gases  (>99.995%  purity)  could  be  simulta¬ 
neously  controlled  by  a  MKS  multigas  controller  and 
passed  either  through  the  ECR  plasma  source  or 
bypassed  into  the  plasma  afterglow  (effluence)  through 
a  quartz  shower  ring  shown  in  Fig.  1.  In  general,  Ar 
was  introduced  into  the  ECR  in  addition  to  H2  and/or 
CH4  to  ease  ignition  of  the  plasma.  Samples  were 
mounted  on  a  stainless  steel  probe  holder  which  was 
tightly  held  against  a  copper  block  during  the  plasma 
exposure.  The  temperature  of  the  copper  block  was 
regulated  between  5-90°C  using  a  Lauda  RM6  ther¬ 
mostat. 

The  differentially  pumped  RGA  was  used  during 
the  etch  process  for  monitoring  the  reaction  products 
escaping  from  the  surface.  The  pressure  difference 
between  the  RGA  and  the  plasma  chamber  was  three 
orders  of  magnitude,  allowing  use  of  a  secondary 
electron  multiplier  in  the  RGA.  The  single  wave¬ 
length  ellipsometer  (6328A,  70°)  was  used  to  examine 
the  surface  roughness  and  composition  of  the  sub¬ 
strate  during  the  etching  process.  The  subsequent 
compositional  and  structural  surface  analyses  were 
based  on  x-ray  photoelectron  spectroscopy  (XPS)  and 
x-ray  photoelectron  diffraction  (XPD),  using  MgKoc  x- 
rays.  Rough  estimates  of  etch  rates  were  made  by 
placing  a  thin  metal  mask  over  a  part  of  the  sample 
during  the  etching  and  measuring  the  resulting  etch 
steps  by  a  surface  profilometer. 

The  samples  used  in  this  work  were  HgCdTe  grown 
by  solid  state  recrystalization  (SSR),  and  Bridgman- 
grown  HgTe  and  CdTe  single  crystals  (the  later  with 
a  small  mole-fraction  of  ZnTe  which  we  disregard  for 
the  purpose  of  this  paper).  All  substrates  were  etch- 
polished  with  0.5%  Br/methanol  prior  to  plasma  etch¬ 
ing,  thus  causing  an  etching  residue  of  elemental  Te 
(approx.  1  monolayer)  at  the  surface. 

RESULTS  AND  DISCUSSION 

The  result  of  a  RGA  analysis  during  exposure  of  a 
HgCdTe  (x  =  0.22)  sample  at  a  sample  temperature  of 
60°C  and  no  added  bias  to  a  CH/H/Ar  (7:6:6  in  seem) 
plasma  with  a  total  chamber  pressure  of  2  mTorr  is 
shown  in  Fig.  2  [spectrum  (a)].  Hg,  TeH2,  Te(CH3)2( 
and  Cd(CH3)2  were  clearly  visible  as  the  main  reaction 
products.  The  occurence  of  different  peaks  in  each 
group  is  due  (largely)  to  the  different  isotopes  of  Hg, 
Cd,  and  Te.  Comparison  of  the  isotopic  aboundances 
with  the  observed  peak  heights  confirmed  the  identi¬ 
fication  of  the  chemical  species.  Due  to  the  limited 
mass  range  of  the  RGA  (m/z  <200),  it  was  not  possible 
to  detect  Hg  compounds  such  as  Hg(CH3)2.  It  has  been 
speculated  that  CH4/H2  etching  works  through  a  re¬ 
verse  MOCVD  process  by  formation  of  group  Il-me- 
thyl  compounds  and  group  VI -hydrides. 20  This  is  sup¬ 
ported  by  our  results,  with  the  exception  of  Te,  which 
was  found  to  form  di-methyl  compounds  as  well  as 
hydrides.  However,  the  formation  of  Te(CH3)2  is  not 
surprising  as  Te(CH3)2  can  be  used  as  a  Te  source  in 
MOCVD  growth  of  HgCdTe.21  The  etching  of  HgCdTe 
in  a  H/Ar  (10:2  in  seem)  plasma  produced  Hg  and 
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TeH2  as  etch  products,  but  no  respective  Cd  species 
were  observed.  This  confirms  previous  findings  that 
the  etching  of  Cd  requires  a  supply  of  CH3  radicals. 

In  contrast  to  previously  published  results  on  CH4/ 
H2  plasma  etching  of  HgCdTe,15-17  we  found  that  a 
bias  was  not  necessary  to  accomplish  HgCdTe  etching 
at  moderate  temperatures  (30-40°C)  as  indicated  by 
RGA  analysis  and  surface  profilometry.  The  bias  had 
been  presumed  to  be  necessary  by  other  researchers 
to  overcome  the  alledged  low  volatility  of  the  Cd  etch 
product.  We  believe  the  problem  actually  lies  in  poly¬ 
mer  formation  on  the  substrate.  As  in  the  previous 
work,  introducing  the  CH4  into  the  ECR  plasma 
source  with  the  sample  at  no  applied  bias  resulted  in 
the  formation  of  a  thick  hydrocarbon  polymer  film  on 
the  etched  sample  for  CH4/H2  >  0.1.  Formation  of 
hydrocarbon  polymer  films  from  CH4/H2  plasmas  is  a 
well-known  phenomenon  and  is  related  to  the  produc¬ 
tion  of  polymer  forming  radicals  such  as  CH  and  CH2 
in  the  plasma.22  The  occurence  and  rate  of  polymer 
deposition  also  appears  to  depend  on  the  surface 
composition.  For  example,  even  if  HgCdTe  was  etched 
under  conditions  which  did  not  produce  a  deposit  on 
HgCdTe,  a  hydrocarbon  polymer  film  was  found  to 
develop  on  the  stainless  steel  holder  of  the  respective 
sample.  Therefore,  it  seems  likely  that  etching  of  a 
particular  surface  can  locally  suppress  the  formation 
of  these  polymers.  As  an  applied  bias  can  result  in  an 
increased  etch  rate  during  the  plasma  etching,  we 
believe  this  increase  in  the  etch  rate  supresses  the 
polymer  formation  on  the  surface. 

Of  course  the  disadvantage  of  applying  such  a  bias 
to  the  substrate  is  the  possible  increase  in  extended 
damage  to  the  HgCdTe.  For  example,  Bahir  and 
Finkman4  have  found  that  100-150  eV  Ar  ions  can 
convert  over  10  pm  of  p-type  HgCdTe  to  n-type  in  2- 
3  min.  Therefore,  applying  100  volts  to  the  substrate 


Binding  Energy  (eV) 

Fig.  3.  X-ray  photoelectron  spectroscopy  survey  spectrum  of  HgCdTe 
(x  =  0.22)  after  etching  (a)  with  H^Ar  (10:2  in  seem)  and  (b)  with  CH4/ 
Hg/Ar  (7:3:3  in  seem). 


1158 


Keller,  Seelmann-Eggebert,  and  Richter 


Fig.  4.  (a)  Ellipsomeiry  parameters  ¥  and  A  for  two  samples  of  HgCdTe 
(x  =  0.22)  etched  for  1 5  min  with  CH4/H2/Ar  (7:4:8  in  seem)  and  (7:6:6 
in  seem)  mapped  onto  a  grid  representing  the  model  shown  schemati¬ 
cally  in  (b).  The  model  included  a  voided  top  layer  of  HgCdTe  (x  =  0.6), 
a  middle  layer  of  solid  HgCdTe  (x  =  0.6),  and  a  substrate  of  HgCdTe 
(x  =  0.22).  Note  that  the  CH4/Hj/Ar  (7:4:8  in  seem)  etch  resultedin  much 
less  surface  roughness  than  the  CHyH^Ar  (7:6:6  in  seem)  etch. 

may  also  result  in  such  type  conversion,  although  it 
has  been  shown  for  GaAs  that  the  damage  caused  by 
reactive  etching  is  less  than  for  inert  ion  etching  at 
comparable  energies.23  Problems  with  the  formation 
of  polymers  in  CH4/H2  plasmas  has  also  placed  a 
limitiation  on  the  ratio  of  CH4/H2  used  by  previous 
workers  to  generally  less  than  25%  even  with  an 
applied  bias,  since  higher  CH4/H2  ratios  result  in 
considerable  co-deposition  of  polymers.  As  described 
below,  the  CH4/H2  ratio  is  important  in  determining 
the  condition  of  the  resulting  surface,  and  therefore  it 
is  important  to  develop  an  etching  process  which 
avoids  the  complications  of  polymer  formation  alto¬ 
gether. 

To  prevent  the  formation  of  polymers  in  our  work, 
we  fed  only  H2  and  Ar  into  the  ECR  source  itself,  while 
CH4  was  added  to  the  H/Ar  plasma  in  the  afterglow 
region.  Provided  there  existed  a  sufficient  flow  of  gas 


exiting  the  ECR  (H2  and/or  Ar)  to  prevent  backflowing 
of  CH4  into  the  ECR  source,  we  found  that  polymer 
formation  was  surpressed  and  etching  of  HgCdTe  at 
zero  bias  was  accomplished  without  the  concurrent 
deposition  of  hydrocarbon  polymers  on  the  sample. 
Seemingly,  this  gentler  method  for  the  breaking  of  the 
CH4  molecule  allows  for  formation  of  CH3  radicals 
under  conditions  in  which  the  generation  of  polymer 
forming  radicals  is  less  probable.  Using  this  method, 
we  were  able  to  etch  HgCdTe  using  only  CH4  and  Ar 
(2: 10  in  seem)  without  any  hydrocarbon  appearing  on 
the  etched  surface. 

Having  basically  solved  the  problem  of  polymer 
formation  on  the  etched  HgCdTe,  we  proceeded  to 
characterize  the  condition  of  the  samples  during  and 
after  plasma  exposure.  By  XPS  analysis  of  the  respec¬ 
tive  surfaces  after  exposure  to  H/Ar  and  CH4/H2/Ar 
plasmas,  we  found  that  etching  of  HgCdTe  (x  =  (T22) 
resulted  inevitably  in  a  depletion  of  the  HgTe  compo¬ 
nent  near  the  surface,  even  for  etching  with  no  ap¬ 
plied  bias.  The  composition  of  the  depleted  region 
covered  a  range  from  virtually  pure  CdTe  after  15  min 
etching  in  a  H/Ar  (10:2  in  seem)  plasma  [Fig.  3, 
spectrum  (a)]  to  Hg^Cd/Te  with  0.4  <  x  <  0.5  for  CH4/ 
H/Ar  (7:3:3  in  seem)  etching  [Fig.  3,  spectrum  (b)]. 
The  ratio  of  Hg  and  Cd  to  Te  in  each  case  clearly 
indicates  that  this  Cd-rich  layer  is  CdTe  and  not 
elemental  Cd.  In  addition,  hemispheric  diffraction 
patterns  of  the  Cd3d  and  Te3d  photoelectrons  for  the 
H2  plasma  etched  surface  revealed  that  the  surface 
region  fully  depleted  of  HgTe  still  retains  the  crystal 
structure  of  the  underlying  HgCdTe  bulk.  This  sug¬ 
gests  that  the  inherent  problem  does  not  lie  in  the  lack 
of  sufficient  volatility  of  the  Cd  etch  products,  which 
would  lead  to  an  excess  of  Cd  at  the  surface,  but  rather 
in  the  breaking  of  the  stronger  CdTe  bonds.  X-ray 
photoelectron  spectroscopy  analyses  also  indicated 
that  native  oxides  and/or  elemental  Te  commonly 
found  on  Br/methanol  etch-polished  HgCdTe  are 
quickly  and  completely  removed  from  the  sample  by 
plasma  etching. 

Ellipsometry  was  used  to  observe  changes  in  the 
surface  condition  during  the  plasma  exposure. 
Ellipsometry  is  a  useful  tool  for  monitoring  changes  in 
surface  conditions  with  respective  coverages,  rough¬ 
ness,  and  compositions  (Rhiger24  has  written  an  excel¬ 
lent  review  of  the  application  of  ellipsometry  to  HgCdTe 
and  related  materials).  The  usefulness  of  ellipsometry 
is  enhanced  in  combination  with  in  vacuo  XPS  mea¬ 
surements,  since  the  identification  of  the  surface 
composition  eases  the  preselection  of  a  model  which 
will  eventually  agree  with  the  ellipsometry  data.  Of 
additional  interest  is  the  ability  of  ellipsometry  to 
detect  surface  roughness,  which  is  not  possible  by 
XPS  measurements  alone.  The  ellipsometry  param¬ 
eters  \|/  vs  A  as  measured  during  a  15  min  exposure  to 
a  CH/H/A r  (7:4:8  in  seem)  plasma  and  to  a  CH/H/Ar 
(7:6:6  in  seem)  plasma  are  shown  in  Fig.  4a,  along  with 
a  mesh  generated  from  the  model  shown  in  Fig.  4b.  A 
model  which  is  consistent  with  the  measured  data 
requires  the  assumption  of  both  the  existence  of  a 
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layer  depleted  of  HgTe  and  considerable  surface  rough¬ 
ening  or  voiding.  The  model  is  based  on  two  layers  on 
the  HgCdTe  substrate.  The  top  layer  of  thickness 
drou  h  consists  of  65%  voided  HgCdTe  (35%  HgCdTe 
ancf  65%  void)  with  x  =  0.6.  The  void  can  be  either  due 
to  roughness  or  to  cavities.  The  optical  constants  for 
the  film  were  estimated  by  the  effective  medium 
approximation  of  Bruggemann.25  In  the  Bruggemann 
approximation,  the  change  in  the  optical  constants  n 
and  k  is  actually  much  more  affected  by  voids  than  by 
the  x-value  for  HgCdTe.  For  example,  for  a  rough  film, 
it  is  difficult  to  differentiate  between  a  60%  CdTe 
layer  and  a  65%  voided  Hg05Cd05Te  layer,  as  the 
optical  constant  n  is  similar  for  both.  We  have  chosen 
a  composition  of  x  =  0.6  in  the  model  based  on  our  XPS 
results.  Below  the  rough  layer  in  our  model,  we  have 
included  a  solid  layer  of  HgCdTe  of  thickness  dsoIid  and 
composition  x  =  0.6.  Using  this  model,  the  surface  of 
the  HgCdTe  after  exposure  to  a  CH4/H/Ar  (7:4:8  in 
seem)  plasma  for  15  min  agrees  with  d  h  =  6  nm  and 
dsolid  =  0,  while  etching  in  the  CH/H/Ar  (7 :6:6  in  seem) 
plasma  results  in  a  much  thicker  rough  layer  (drough  = 
45  nm)  on  top  of  a  depleted,  solid  layer  (dsolid  =  3  nm). 
The  inclusion  of  the  solid  layer  in  a  model  which 
agrees  with  the  data  does  not  necessarily  imply  the 
actual  presence  of  such  a  layer,  but  it  may  also 
suggested  a  more  graded  roughening  region  of  higher 
density  near  the  bulk.  A  more  detailed  discussion  of 
monitoring  the  process  by  ellipsometric  and  mass 
spectroscopic  measurements  during  CH4/H2  plasma 
etching  of  HgCdTe  will  be  published  in  a  later  paper. 

To  gain  more  insight  into  the  different  etching 
behavior  of  the  HgTe  and  CdTe  component  of  HgCdTe 
under  plasma  exposure,  we  also  investigated  the  ECR 
plasma  etching  of  HgTe  and  CdTe  single  crystals.  For 
HgTe  etching,  RGA  analysis  showed  Hg  and  TeH2  as 
the  etch  products  in  a  H/Ar  (10:2  in  seem)  plasma 
[Fig.  2,  specti'um  (b)],  while  in  CH4/H,/Ar  (7:6:6  in 
seem)  plasmas  Hg  and  Te(CH3)2  were  mainly  released 
from  the  HgTe  surface.  Exposure  of  CdTe  to  H/Ar 
plasmas  produced  no  detectable  amounts  of  etch 
products,  although  ellipsometry  measurements  indi¬ 
cated  a  roughening  of  the  surface  during  exposure. 
Etching  of  CdTe  in  CH4/H/Ar  (7 :6:6  in  seem)  plasmas 
produced  Cd(CH3)2  and  Te(CH3)2  [Fig.  2,  spectrum 
(c)].  As  shown  in  Fig.  2,  the  flux  of  etch  products 
measured  during  etching  HgTe  is  more  than  an  order 
of  magnitude  higher  than  that  for  CdTe  obtained 
under  similar  conditions  (the  HgTe  spectrum  has 
been  reduced  by  ten  and  the  CdTe  spectrum  has  been 
increased  by  four).  The  flux  of  etch  products  observed 
during  HgCdTe  etching  falls  in  between  these  ex¬ 
tremes,  indicating  an  intermediate  etch  rate.  We 
measured  using  surface  profilometry  etch  rates  of 
roughly  2000A/min  for  the  HgTe,  lOOA/min  for  the 
HgCdTe  (x  =  0.22),  and  an  etch  rate  below  detectable 
limits  for  the  CdTe.  This  observed  difference  in  etch 
rates  can  account  for  the  formation  of  the  surface 
layer  depleted  of  HgTe  during  the  etching  of  HgCdTe, 
if  the  HgTe  and  CdTe  components  of  HgCdTe  etch 
largely  independently.  The  depleted  layer  would  likely 
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grow  until  the  etch  rate  of  the  HgTe  component, 
reduced  because  it  is  covered  by  a  CdTe  surface  layer, 
equals  the  etch  rate  of  the  CdTe  component,  resulting 
in  a  steady  state  surface  composition. 

CONCLUSIONS 

In  this  paper,  we  report  on  several  new  aspects  of 
etching  of  HgCdTe,  HgTe,  and  CdTe  in  CH/H/Ar 
plasmas  generated  by  an  ECR  plasma  source.  First, 
using  a  residual  gas  analyzer,  we  have  identified 
elemental  Hg,  TeH2,  Te(CH3)2,  and  Cd(CH3)2  as  the 
primary  reaction  products  escaping  from  a  HgCdTe 
surface  during  the  plasma  exposure,  thus  confirming 
the  interpretation  of  the  CH4/H/Ar  etching  process 
for  HgCdTe  as  a  “reverse”  MOCVD  process.  Second, 
we  have  demonstrated  by  a  modification  of  this  etch¬ 
ing  technique  (i.e.  without  channelling  of  the  CH4  gas 
through  the  ECR  plasma  source)  that  a  bias  is  not 
needed  to  avoid  the  formation  of  hydrocarbon  poly¬ 
mer  films  on  a  HgCdTe  sample  during  etching  at 
moderate  temperatures  (30-40°C).  Moreover,  we  have 
examined  by  XPS  analysis  and  ellipsometry  the  sur¬ 
face  condition  of  HgCdTe  resulting  from  this  etching 
at  zero  bias.  After  exposure  to  the  CH/H/Ar  plasma 
(or  to  a  H/Ar  plasma  only)  the  HgCdTe  samples 
exhibited  a  depletion  of  the  HgTe  component  in  the 
near  surface  region  (increase  of  the  x-value).  The 
depletion  covered  a  range  from  virtually  x  =  1  after  H/ 
Ar  (10:2  in  seem)  etching  to  values  0.4  <  x  <  0.5  after 
CH/H/Ar  (7:3:3  in  seem)  etching.  Exposures  to  either 
one  of  the  plasmas  were  found  to  result  in  surface 
roughening  of  HgCdTe,  however,  plasmas  rich  in  H2 
were  observed  to  cause  significantly  rougher  surfaces 
than  plasmas  with  small  H/CII4  ratios.  This  differ¬ 
ence  in  the  resulting  surface  condition  is  attributed 
solely  to  chemical  effects  since  the  respective  ion 
energies  are  considered  to  be  below  the  damage  thresh¬ 
old  for  HgCdTe  in  both  cases.  In  addition,  we  also 
investigated  the  etching  of  HgTe  and  CdTe  single 
crystals.  The  etch  rate  of  HgTe  was  found  to  be  over 
one  order  of  magnitude  higher  than  that  of  CdTe 
under  similar  conditions.  This  large  difference  in  etch 
rates  is  assumed  to  be  responsible  for  the  observed 
preferential  etching  of  the  HgTe  component  indicated 
by  the  HgTe  depletion  of  the  HgCdTe  surface  region. 

Further  investigations  are  needed  to  minimize  the 
effects  of  roughening  and/or  compositional  changes  at 
HgCdTe  surfaces  and  to  fully  assess  the  potential  of 
ECR  plasma  etching  for  IR  device  technology . 
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The  metalorganic  chemical  vapor  deposition  (MOCVD)  growth  of  CdTe  on  bulk 
n-type  HgCdTe  is  reported  and  the  resulting  interfaces  are  investigated.  Metal- 
insulator-semiconductor  test  structures  are  processed  and  their  electrical  prop¬ 
erties  are  measured  by  capacitance-voltage  and  current-voltage  characteristics. 
The  MOCVD  CdTe  which  was  developed  in  this  study,  exhibits  excellent 
dielectric,  insulating,  and  mechano-chemical  properties  as  well  as  interface 
properties,  as  exhibited  by  MIS  devices  where  the  MOCVD  CdTe  is  the  single 
insulator.  Interfaces  characterized  by  slight  accumulation  and  a  small  or 
negligible  hysteresis,  are  demonstrated.  The  passivation  properties  of  CdTe/ 
HgCdTe  heterostructures  are  predicted  by  modeling  the  band  diagram  of  abrupt 
and  graded  P-CdTe/n-HgCdTe  heterostructures.  The  analysis  includes  the  effect 
of  valence  band  offset  and  interface  charges  on  the  surface  potentials  at  abrupt 
hetero-interface,  for  typical  doping  levels  of  the  n-type  layers  and  the  MOCVD 
grown  CdTe.  In  the  case  of  graded  heterojunctions,  the  effect  of  grading  on  the 
band  diagram  for  various  doping  levels  is  studied,  while  taking  into  consider¬ 
ation  a  generally  accepted  valence  band  offset.  The  MOCVD  CdTe  with  addi¬ 
tional  pre  and  post  treatments  and  anneal  form  the  basis  of  a  photodiode  with 
a  new  design.  The  new  device  architecture  is  based  on  a  combination  of  a  p-on- 
n  homojunction  in  a  single  layer  of  n-type  HgCdTe  and  the  CdTe/HgCdTe 
heterostructure  for  passivation. 

Key  words:  Band  bending,  CdTe,  HgCdTe,  metalorganic  chemical  vapor 
deposition  (MOCVD),  metal-insulator  semiconductor  (MIS) 
devices,  surface  passivation 


INTRODUCTION 

Significant  advances  in  the  performance  of  long 
wavelength  infrared  focal  plane  arrays  (LWIR  FPAs) 
have  been  demonstrated  in  P-on-n  HgCdTe  double 
layer  heterojunctions  employing  CdTe  as  a  passiva¬ 
tion.  Mesa  devices  as  well  as  planar  devices,  based  on 
a  variety  of  growth  technologies,  have  been  reported.1"4 

Although  CdTe  has  become  the  preferred  passi¬ 
vation  of  HgCdTe  photodiodes,  the  published  work  in 
the  open  literature  addressing  this  passivation,  is 
rather  limited  [Ref.  5  and  references  therein].  Recent 
studies  include  preliminary  investigations  of  the  in¬ 
terfaces  between  in-situ  grown  MOCVD  CdTe  and 
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MOCVD  HgCdTe  and  ex-situ  grown  MOCVD  CdTe 
on  bulk  p-type  HgCdTe.6-10  The  requirements  of  a 
good  passivation  for  HgCdTe  photodiodes  vis-a-vis 
the  passivation  features  of  CdT e/HgC  dT e  heterostruc¬ 
tures  are  discussed  in  Ref.  10. 

In  this  study,  we  report  the  MOCVD  growth  of 
CdTe  on  bulk  n-type  HgCdTe  and  investigate  the 
resulting  interfaces.  Metal-insulator-semiconductor 
(MIS)  test  structures  are  processed  and  their  electri¬ 
cal  properties  are  measured  by  capacitance-voltage 
(C-V)  and  current-voltage  (I-V)  characteristics.  The 
heterostructures  are  also  characterizedby  Auger  depth 
profiles  and  double  crystal  rocking  curves  (DCRC). 

In  order  to  investigate  the  passivation  properties  of 
CdTe/HgCdTe  heterostructures,  we  have  modeled 
the  band  diagram  of  abrupt  and  graded  P-CdTe/n- 
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Fig.  1.  Schematic  cross  section  of  a  new  device  architecture  (for 
backside  illumination)  based  on  a  single  layer  of  HgCdTe..  a  p-  on  n-, 
implanted  homojunction,  and  a  CdTe(CdZnTe)/HgCdTe  het¬ 
erostructure  for  passivation. 


DEPTH  [am] 

Fig^2.  Calculated  band  diagram  and  surface  potentials  at  77K,  of  P- 
Cd  i  e/n-HgCdT e  with  the  following  parameters:  valence  band  offset  of 
0.27  eV  and  zero  interface  charge  density.  The  doping  level  of  the 
CdT e  is  Na  =  1 013  cm-3  at  300K,  and  the  acceptor  level  is  0. 1 5  eV.  The 
doping  level  of  the  HgCdTe  is  Nd  =  1015  cm~3;  at  77K. 

HgCdTe  heterojunctions.  We  present  the  effect  of 
valence  band  offset  and  interface  charges  on  the 
surface  potentials  at  abrupt  hetero-interface,  for  typi¬ 
cal  doping  levels  of  the  n-type  layers  and  the  MQCVD 
grown  CdTe.  In  the  case  of  graded  heterojunctions,  we 
study  the  effect  of  grading  on  the  band  diagram  for 
various  doping  levels,  while  taking  into  consideration 
a  generally  accepted,  rather  large,  valence  band  off¬ 
set,11-13  The  modeling  of  the  CdTe/HgCdTe  hetero¬ 
structures  forms  the  basis  for  the  design  of  a  new 
photodiode  based  on  a  single  layer  of  n-type  HgCdTe, 
with  MOCVD-CdTe  as  the  passivation,  in  a  new 
device  architecture  discussed  below. 

A  NEW  DEVICE  ARCHITECTURE  AND 
MQCVD  CdTe  PASSIVATION 

State-of-the-art  photodiode  arrays  are  based  on 
double  layer  HgCdTe  heterostructures,  either  in  pla¬ 
nar  or  mesa  configuration.1-4- 14>16  We  propose  a  simpli¬ 
fied  planar  device  architecture  based  on  a  single  layer 
of  HgCdTe,  a  p-on-n  implanted  homojunction  for 
sensing  the  infrared  radiation,  and  a  CdTe(CdZnTe)/ 
HgCdTe  heterostructure  for  passivation,  as  shown  in 
Fig.  I.1"  The  MQCVD  CdTe  passivation  (with  appro¬ 
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priate  pretreatments  and  activation  and  annealing 
steps)  is  a  key  technology  in  this  device  design  and 
architecture.  The  implanted  homojunction  is  at  least 
partially  activated  during  the  MQCVD  CdTe  passiva¬ 
tion,  which  also  provides  the  capping  for  the  surface 
during  the  subsequent  anneal. 

The  main  processing  steps,  required  to  fabricate 
the  design  shown  in  Fig.  1,  include: 

0  Starting  with  an  n-type  HgCdTe  Layer  with  a 
predetermined  composition  and  predesigned  elec¬ 
trical  properties. 

0  Performing  ion  implantation  of  arsenic  to  form  an 
arsenic-rich  layer  in  regions  that  will  become  the 
p-side  of  the  homojunction. 

0  Growing  an  MQCVD  CdTe  passivation  layer  (with 
appropriate  pre  treatments)  on  the  n-type  HgCdTe 
layer  and  implanted  arsenic-rich  regions. 

0  Annealing  the  capped  n-HgCdTe  and  capped 
implanted  regions. 

°  Providing  contacts,  metallization  and  anti-reflec¬ 
tion  coatings. 

The  proposed  structure  is  not  only  a  major  simpli¬ 
fication  in  device  architecture,  in  that  it  is  based  on  a 
single  n-type  layer  in  contrast  to  known,  double  layer 
heterostructures,  but  in  addition,  it  is  based  on  the 
use  of  homojunctions  for  sensing  the  infrared  radia¬ 
tion  and  heterostructures  for  passivation.  This  com¬ 
bination  best  integrates  the  benefits  of  each  struc¬ 
ture. 

Furthermore,  the  new  design  allows  application  of 
different  growth  technologies  for  the  sensing  mate¬ 
rial  and  the  passivation  layer.  This  allows  the  sensing 
material  to  be  supplied  via  the  best  available  produc¬ 
tion  techniques.  An  additional  feature  and  advantage 
is  a  reduction  in  the  number  of  required  processing 
steps.  Therefore,  the  production  process  can  be  simpli¬ 
fied  and  the  yield  may  be  increased. 

BAND  DIAGRAM  OF  A  P-CdTe/n-HgCdTe 
ABRUPT  HETERO  JUNCTION 

A  major  requirement  for  a  good  passivation  for 
HgCdTe  photodiodes,  is  a  well  controlled  and  close  to 
flat  band  surface  potential.  We,  therefore,  model  the 
band  diagram  of  a  P-CdTe/n-HgCdTe  abrupt  hetero¬ 
junction,  at  equilibrium,  and  calculate  the  surface 
potentials,  taking  into  consideration  the  effect  of  the 
valence  band  offset,  interface  charges,  and  the  doping 
levels  of  CdTe  and  HgCdTe.  The  model  and  the 
methodology  of  the  calculations  are  briefly  given  in 
Ref.  10  where  the  modeling  of  isotype  P-CdTe/p- 
HgCdTe  heterostructures  was  presented. 

The  energy  band  diagram  and  the  calculated  sur¬ 
face  potentials  of  a  representative  heterojunction,  are 
given  in  Fig.  2,  which  exhibits  the  major  passivation 
features  of  the  CdTe/HgCdTe  heterostructure.  The 
surface  potential  of  HgCdTe  is  close  to  flat  band  and 
barriers  are  formed  for  both  electrons  (majority  carri¬ 
ers)  and  holes  (minority  carriers).  In  addition,  the 
depletion  region  extends  well  into  the  low-doped  CdTe 
(this  issue  wrill  be  further  discussed  in  the  Summary 
secion).  The  doping  levels  assumed  in  Fig.  2  represent 
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typical  doping  levels  of  n-type  HgCdTe  and  the  low 
doped  MOCVD  CdTe  actually  obtained  in  our  growth 
experiments.  A  zero  interface  charge  density  is  also 
assumed  in  Fig.  2.  The  barrier  for  holes  is  determined 
by  the  valence  band  offset  while  the  large  barrier  for 
electrons,  the  conduction  band  offset,  is  mainly  deter¬ 
mined  by  the  large  difference  in  band  gap  energies 
across  the  heterojunction  (since  AEv  +  AEc  =  AEg). 
The  generally  accepted  value  of  0.35  eV  for  HgTe/ 
CdTe12  is  used  in  Fig.  2  and  the  actual  offset  of  the 
heterostructure  is  taken  as  0.27  (see  below). 

Below,  we  investigate  the  effect  of  the  valence  band 
offset,  the  effect  of  the  interface  charge  density  (taken 
as  a  parameter)  as  well  as  the  effect  of  varying  the 
doping  levels  of  CdTe  and  HgCdTe,  upon  the  band 
diagram,  surface  potentials,  and  passivation  proper¬ 
ties  of  P-CdTe/n-HgCdTe  heterojunction. 

The  Effect  of  Valence  Band  Offset 

The  value  of  the  valence  band  offset  between  HgTe 
and  CdTe  has  been  a  controversial  subject  for  several 
years.  Recently,  experimental  observations  have  re¬ 
solved  the  controversy  in  favor  of  a  large  offset  value 
(>300  meV).  Theoretical  and  experimental  results 
indicate  that  it  is  possible  that  the  actual  valence 
band  offset  may  be  even  larger  than  400meV,n  but  a 
valence  band  offset  of  0.35  eV  is  currently  the  gener¬ 
ally  accepted  value  for  HgTe/CdTe.12  A  linear  varia¬ 
tion  of  the  valence  band  maximum  with  alloy  composi¬ 
tion  x  between  the  values  for  the  binary  compounds 
HgTe  and  CdTe  is  assumed.  This  is  supported  by  the 
experimental  data  and  theoretical  model  of  Shih  and 
Spicer.13  Hence,  if  we  denote  by  AEv0  the  valence  band 
offset  between  HgTe  and  CdTe,  i.e.  AEvo  =  Ev(HgTe) 
-  Ev(CdTe)  and  let  AX  =  X,  -  X2  to  be  the  difference 
between  the  alloy  compositons  of  the  two  sides  of  the 
heterostructure,  we  obtain  for  the  actual  band  offset: 


0.10  0.15  0.20  0.25  0.30  0.35 
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Fig .  3.  The  dependence  of  the  calculated  surface  potentials  of  HgCdT e 
and  CdTe,  at  77K,  upon  the  actual  valence  band  offset.  The  interface 
charge  density  is  taken  as  zero. 


The  dependence  of  the  calculated  surface  potentials 
of  HgCdTe  and  CdTe,  at  77K,  upon  the  valence  band 
offset,  assuming  a  zero  interface  charge  density,  is 
shown  in  Fig.  3.  In  the  wide  range  of  the  assumed 
valence  band  offset  values  (0.15—0.45  eV),  the  HgCdTe 
surface  is  practically  at  flat  band.  Hence,  it  can  be 
concluded  that  although  the  exact  value  of  the  valence 
band  offset  determines  the  exact  values  of  barriers  for 
electrons  and  holes,  it  hardly  affects  the  surface 
potential. 

The  Effect  of  Interface  Charge  Density 

The  drastic  effect  of  interface  charges  upon  the 


INTERFACE  CHARGE  DENSITY  [clectrons/cni2) 

a 


b 

Fig.  4.  The  dependence  of  the  calculated  surface  potentials  of  HgCdTe 
and  CdTe,  at  77K,  upon  the  interface  charge  density.  The  actual 
valence  band  offset  is  taken  as  0.27  eV.  (a)  positive  interface  charges, 
and  (b)  negative  interface  charges. 


1164 


Nemirovsky,  Amir,  Goren,  Asa,  Mainzer,  and  Weiss 


CdTc  DOPING  LEVEL  |cm'3] 
a 


Fig.  5.  The  dependence  of  the  calculated  surface  potentials  of  HgCdTe 
and  CdTe,  at  77K,  upon  the  doping  level  of  (a)  CdTe,  and  (b)  HgCdTe. 
The  interface  charge  density  is  taken  as  zero.  The  actual  valence  band 
offset  is  taken  as  0.27eV. 

induce  inversion  in  the  n-HgCdTe  side  while  positive 
interface  charges  induce  accumulation.  Figure  4  ex¬ 
hibits  that  interface  charge  density  of  the  order  of 
±2  •  1010cm-2  is  sufficient  to  cause  significant  devia¬ 
tions  from  flat  band  conditions,  in  the  case  of  n-type 
HgCdTe,  doped  to  1013  cm-3  and  assuming  a  valence 
band  offset  of  0.27  eV  (i.e.  AEvo  =  0.35  eV). 

The  Effect  of  the  Doping  Levels  of  CdTe  and 
HgCdTe 

The  doping  level  of  the  CdTe  passivation,  in  com¬ 
parison  to  the  doping  level  of  the  HgCdTe  layer,  also 
exhibits  a  significant  effect  on  the  band  diagram  and 
the  surface  potentials,  as  shown  in  Fig.  5.  For  Nd  = 
1015  cm-3,  a  low  doped  CdTe  (Na  =  1013  cm-3)  is  required 
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Fig.  6.  Calculated  band  diagram  and  surface  potentials  at  77K,  of  P- 
CdTe/n-HgCdTe  graded  heterojunction,  for  different  grading:  (a)  abrupt 
and  1000A,  (b)  2000A,  (c)  5000A,  and  (d)  1  pm.  The  calculations  are 
done  with  the  following  parameters:  valence  band  offset  of  0.27  eV  and 
zero  interface  charge  density.  The  doping  level  of  the  CdTe  is  Na  =  1 013 
cm-3.  The  doping  level  of  the  HgCdTe  is  Nd  =  1 015  cm-3,  at  77K. 

to  obtain  a  close  to  flat  band  surface  potential  at  the 
HgCdTe  side.  CdTe  layers  with  higher  doping  (Na/Nd 
=  1/10)  induce  depletion.  For  Na  =  Nd,  strong  in¬ 
version  is  observed.  A  lower  doped  HgCdTe  layer,  of 
the  order  of  Nd  =  1014  cm-3,  imposes  even  more  de¬ 
manding  requirements  for  a  low  doped  CdTe,  since 
more  or  less  the  same  surface  potentials  are  calcu¬ 
lated  for  a  given  ratio  of  Na/Nd.  Obviously,  in  order  to 
design  a  device  according  to  Fig.  1,  a  higher  doped  n- 
type  HgCdTe  layer  is  preferred. 

The  calculations  take  into  account  the  freezeout  in 
the  CdTe  as  determined  by  the  energy  of  the  acceptor 
level.  We  assume  that  the  acceptor  level  of  the  MOCVD 
CdTe  is  0.15  eV,  corresponding  to  a  shallow  level  due 
to  residual  impurities  such  as  copper.17  We  have  also 
calculated  the  band  diagram  with  the  acceptor  level 
as  a  parameter  and  found  that  this  parameter  has  a 
negligible  effect  on  the  surface  potential  of  HgCdTe. 
This  results  from  the  fact  that  for  the  CdTe  doping 
levels  under  study,  the  CdTe  is  easily  depleted.  Since 
the  acceptor  level  follows  the  bended  valence  band,  it 
remains  below  the  Fermi  level.  As  long  as  the  acceptor 
level  is  below  the  Fermi  level,  the  acceptors  are 
ionized. 

BAND  DIAGRAM  OF  A  P-CdTe/n-HgCdTe 
GRADED  HETERO  JUNCTION 

We  have  calculated  the  energy  band  diagram  for 
graded  CdTe/HgCdTe  heterostructures  at  equilib¬ 
rium  conditions  by  solving  Poisson’s  equation  in  one 
dimension  (z)  using  standard  relaxation  methods.18 
In  the  physical  assumptions  and  the  numerical  calcu¬ 
lations,  we  have  extended  the  work  of  Migliorato  and 
White,19  Bratt  and  Casselman,20  Qda21  and  Madarasz 
and  Szmulowicz  (Ref.  22  and  references  therein).  The 
complete  and  quantitative  details  of  our  model  and 
calculations  as  well  as  a  detailed  comparison  with  the 
previous  models,  will  be  reported  elsewhere.23 
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The  most  pronounced  effect  of  the  graded  het¬ 
erojunction,  with  grading  in  composition  and  doping, 
is  to  smooth  out  the  band  bending  in  n-HgCdTe  in 
cases  where  the  doping  level  of  the  CdTe  is  high 
enough  to  impose  depletion  or  even  inversion.  An 
example  which  illustrates  the  possible  benefits  of  a 
graded  heterojunction  is  shown  in  Fig.  6.  In  this 
example,  Nd  =  1015  cm-3  and  Na  =  1014  cm-3.  In  the  case 
of  an  abrupt  heterojunction,  the  HgCdTe  surface  is 
clearly  depleted.  A  grading  of  1000A  hardly  affects 
the  band  diagram,  whereas  a  grading  of 2000A  slightly 
reduces  the  band  bending  in  the  HgCdTe  and  the  well 
for  holes  (minority  carriers)  is  now  separated  from  the 
hetero-interface  where  n  =  p.  The  effect  becomes  more 
pronounced  with  a  grading  of  5000A.  The  barrier  for 
holes  is  also  reduced  as  the  grading  increases.  How¬ 
ever,  for  a  grading  of  5000A  and  with  the  assumed 
actual  valence  band  offset,  an  effective  barrier  that 
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Fig.  7.  Measured  (solid  line)  capacitance-voltage  and  equivalent 
parallel  conductance  (dashed  line)  characteristics  of  MIS  devices.  The 
measurement  temperature  is  77K  and  the  measurement  frequency  is 
1 00  kHz.  Gate  area  is  0.002  cm2,  (a)  the  MOCVD-CdTe  was  grown  at 
430°C  with  DETe,  and  (b)  the  MOCVD-CdT e  was  grown  at  350°C  with 


DIPt. 


exceeds  200  mV  is  calculated,  which  is  still  large 
compared  to  the  thermal  voltage  of  6.5  mV  at  77K.  A 
grading  of  1  micron  further  reduces  both  the  barrier 
for  holes  and  the  band  bending  in  HgCdTe  (close  to 
flat  band  conditions  are  observed).  It  is  evident  from 
the  calculations  that  some  degree  of  grading  actually 
improves  the  passivation  properties  of  the  hetero¬ 
junction.  The  grading  that  starts  to  exhibit  a  pro¬ 
nounced  effect  on  the  band  diagram  is  of  the  order  of 
the  depletion  width  in  the  HgCdTe.  This  is  deter¬ 
mined  by  Nd/Na  and  is  typically  of  the  order  of  several 
thousands  angstroms  or  less.  In  addition,  the  effect  of 
interface  charges,  that  drastically  affect  abrupt 
heterostructures  can  be  modified  in  graded 
heterojunctions.23 

EXPERIMENTAL 

The  MOCVD  growth  of  CdTe  epilayers  on  HgCdTe 
substrates,  to  be  used  as  passivation  of  photodiodes, 
is  a  technological  challenge  since  several  demanding 
requirements  must  be  achieved  simultaneously: 

•  The  electrical  properties  of  the  CdTe  epilayer 
must  be  controlled  and  should  correspond  to  pre¬ 
designed  values  indicated  by  the  model  calcula¬ 
tions  presented  in  the  two  previous  sections.  A 
mirror-like  morphology  is  also  required  for  fur¬ 
ther  processing  of  the  photodiodes. 

®  The  electrical  properties  of  the  HgCdTe  sub¬ 
strates  must  be  preserved,  whether  bulk  HgCdTe 
wafers  or  HgCdTe  epilayers  are  used  as  sub¬ 
strates. 

•  The  interface  properties  between  the  HgCdTe 
and  the  CdTe  passivation  must  be  controlled, 
including  a  close  to  flat  band  surface  potential  of 
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Fig.  8.  Measured  (solid  line)  capacitance-voltage  and  equivalent 
parallel  conductance  (dashed  line)  characteristic  of  an  MIS  device. 
The  measurement  temperature  is  77K  and  the  measurement  fre¬ 
quency  is  1 00  kHz.  Gate  area  is  0.002  cm2.  The  MOCVD-CdTe  was 
grown  at  350°C  with  DIPt.  The  MIS  device  was  annealed  at  350°C  for 
one  hour  in  the  MOCVD  system  in  the  presence  of  flowing  hydrogen. 
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Fig.  9.  Measured,  at  77K,  DC  gate  current-voltage  and  differential 
resistance-voltage  characteristics  of  the  MIS  device  of  Fig.  7b. 


HgCdTe  and  a  low  density  of  fixed  and  fast 
surface  states  as  well  as  trapping  centers. 

Our  MOCVD  system  and  the  growth  of  CdTe  on 
CdTe  substrates  was  previously  reported.24-27  The 
modifications  tailored  to  the  growth  of  CdTe  on 
HgCdTe  substrates  are  briefly  reported  in  Ref.  10. 
The  grading  of  the  MOCVD-CdTe/HgCdTe  hetero¬ 
structures  was  estimated  by  Auger  electron  spectros¬ 
copy.  It  was  found  that  the  graded  region  is  less  than 
100 OA  for  heterostructures  grown  at  350°C  and  less 
than  2000A  if  grown  at  430°C. 

CHARACTERIZATION 

Metal-insulator-semiconductor  devices  were  fabri¬ 
cated  and  were  used  to  electrically  characterize  the 
heterostructures.  The  insulator  of  the  MIS  device 
consisted  of  the  MOCVD  grown  CdTe  epilayer.  The 
combination  of  evaporated  titanium  (50QA)  and  gold 
(0.5-1  pm)  was  used  for  bulk  and  gate  metallization. 
The  gate  electrodes  of  approximately  500  pm  diam¬ 
eter  were  evaporated  through  a  metal  mask  and  the 
bulk  contact  was  evaporated  on  the  rear  side  of  the 
HgCdTe  substrate.  The  devices  were  bonded  and 
sealed  with  a  cold  shield  at  77K,  in  a  dewar.  Capaci¬ 
tance  and  equivalent  parallel  conductance  were  mea¬ 
sured  as  a  function  of  gate  voltage  with  an  HP  4192A 
impedance  analyzer.  The  DC  gate  current  was  mea¬ 
sured  as  a  function  of  gate  voltage  with  an  HP  4145A 
semiconductor  parameter  analyzer.  Simple  MIS 
theory,  neglecting  modifications  due  to  the  non- 
parabolicity  of  the  HgCdTe  conduction  band  and  the 
grading  of  the  heterostructure,  was  applied  for  the 
analysis.  We  assume  that  the  depleted  wide  band  gap 
CdTe  can  be  approximately  described  as  an  ideal 
insulator  at  77K.  Measured  capacitance-voltage  and 
equivalent  parallel  conductance-voltage  charac¬ 
teristics  of  MIS  devices  are  shown  in  Fig.  7.  Figure  7a 
corresponds  to  growth  at  430°C  (with  DETe)  while 
Fig.  7b  corresponds  to  growth  at  350°C  (with  DIPt). 
The  C-V  characteristic  of  Fig.  7a  is  analyzed  with  the 


following  inputs: 

Emulator  (from  Fig-  7a)  =  60pF 
Cminimum(fr0m  Fig-  7a)  =  45pF 
Gate  area  (measured)  =  2  •  10-3cm2 
Relative  dielectric  constant  of  CdTe  =  10.6 
Relative  dielectric  constant  of  HgCdTe  =  18 
The  following  MIS  parameters  are  derived  from 
simple  MOS  theory: 

HgCdTe  effective  doping  concentration  =  4  •  1015 
cm-3 

CdTe  thickness  =  3100  A 
Flat  band  capacitance=  56pF 
Flat  band  voltage,  VFB  =  2.8V 
We  assume  that  the  metal-semiconductor  (tita- 
nium-HgCdTe)  work  function  difference  is  yMS  =  0.28>29 
From  VFB  =  \|/MS  -  Qs/Cox  we  obtain  Qss  -  -5  ■  1011 
electrons/cm2.  Hence,  it  is  seen  that  in  the  case  of  the 
experiment  of  Fig.  7a,  the  HgCdTe  surface  is  inverted 
and  negative  fixed  interface  charges  are  observed. 
This  result  may  be  explained  with  the  modeling  of  the 
section  on  the  effect  of  the  doping  levels  of  CdTe  and 
HgCdTe  since  the  HgCdTe  substrate  of  Fig.  7a  was  a 
low  doped  n-type  material  and  the  n-type  doping  was 
based  on  Hg  interstitials  introduced  by  a  low  tem¬ 
perature  prolonged  Fig  anneal.  The  overall  growth 
conditions  at  430°C  could  cause  a  skin  interface  layer 
deficient  in  Hg,  which  may  account  for  the  observed 
negative  interface  charges. 

The  MIS  results  obtained  with  MOCVD  CdTe 
growth  experiments  at  430°C  indicates  the  following 
trends:  in  growth  experiments  with  a  UV  pretreat¬ 
ment  at  50°C  and  UV  photons  during  steps  I  and  II  of 
the  temperature  cycle,  but  without  a  Hg  boat,  the 
HgCdTe  surface  became  a  low  doped  p-type  material 
and  high  frequency  C-V  curves  were  measured  even 
at  100  kHz,  with  a  negligible  hysteresis.  At  zero  gate 
bias  the  p-type  like  surface  was  inverted  and  the 
corresponding  Qss  was  positive.  In  experiments  em¬ 
ploying  similar  UV  pretreatments  and  in  addition 
incorporating  a  Hg  boat  at  250°C,  the  surface  re¬ 
tained  the  n-type  conductivity  but  was  inverted  as 
shown  in  Fig.  7b. 

The  C-V  characteristic  of  Fig.  7b,  corresponding  to 
growth  at  350°C,  is  analyzedin  a  similar  manner  with 
the  following  inputs: 

insulator  (from  Fig.  7b)  =  25pF 
Cminimum  (fr0m  Flg-  7b)  =  21.5pF 
The  following  MIS  parameters  are  derived  from 
simple  MOS  theory: 

HgCdTe  effective  doping  concentration  =  2.5  •  1015 
cm-3 

CdTe  thickness  =  75Q0A 
Flat  band  capacitance  =  24pF 
Flat  band  voltage,  VFB  =  -8.35  V 
From  VFB  =  \|/MS-  Qss/Cox,  we  obtain  Qss  =  6.5  *  1011 
electrons/cm2.  Hence,  it  is  seen  that  in  the  case  of  the 
experiment  of  Fig.  7b,  the  HgC  dTe  surface  is  strongly 
accumulated  and  positive  fixed  interface  charges  are 
observed.  The  MIS  results  obtained  with  MOCVD 
CdTe  growth  experiments  at  350°C  have  indicated 
the  following  trends:  in  growth  experiments  with  UV 
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pretreatments  and  with  a  Hg  boat  at  250°C,  the 
HgCdTe  surface  retained  its  n-type  conductivity  but 
became  strongly  accumulated  at  zero  gate  bias  and 
the  corresponding  Qss  was  positive. 

The  accumulation  was  significantly  reduced  by 
adding  an  annealing  phase  at  350°C.  Metal-insula- 
tor-semiconductor  devices  similar  to  those  of  Fig.  7b 
were  annealed  in  the  MOCVD  system  for  one  hour,  at 
35Q°C,  in  the  presence  of  flowing  hydrogen.  With  this 
post  treatment  anneal,  C-V  characteristics  corre¬ 
sponding  to  the  requirements  of  photodiodes  were 
measured,  as  shown  in  Fig.  8.  The  C-V  characteristics, 
which  were  measured  at  100  kHz,  exhibit  slightly 
accumulated  surfaces  and  a  small  hysteresis  (within 
the  resolution  of  the  measurement).  From  the  MOS 
analysis,  we  obtain  HgCdTe  effective  doping  concen¬ 
tration  =  3  •  1016  cnr3,  CdTe  thickness  =  3300A,  flat 
band  capacitance  =  55pF  and  the  flat  band  voltage  is 
-0.5  V.  The  corresponding  positive  interface  charges 
are  Qss  =  8.8  •  1010  electrons/cm2. 

The  DC  gate  current- voltage  and  differential  resis¬ 
tance-voltage  characteristics  of  the  MIS  device  adja¬ 
cent  to  the  device  of  Fig.  7b,  is  shown  in  Fig.  9.  These 
curves  demonstrate  the  insulation  properties  of  the 
MOCVD  CdTe  at  77K  as  determined  from  capaci¬ 
tance  measurements.  The  DC  leakage  current  of  the 
MOCVD  CdTe  which  was  grown  at  350°C,  was  less 
than  10  pA  in  a  wide  range  of  gate  voltages  exceeding 
10  V  (we  also  measured  the  leakage  current  in  posi¬ 
tive  gate  voltages,  not  shown  in  Fig.  9).  The  correspond¬ 
ing  dynamic  resistance  was  over  10nQ.  This  corre¬ 
sponds  to  an  approximately  7500A  thick  CdTe,  as 
determined  from  the  capacitance  measurements.  The 
I-V  and  C-V  characteristics  were  stable  during  re¬ 
peated  measurements  and  electrical  stresses  imposed 
by  a  wide  range  of  gate  voltages.  It  was  observed  that 
the  ac  conductivity  (the  equivalent  parallel  conduc¬ 
tance)  corresponded  to  the  DC  conductivity  and  is 
probably  an  indication  of  the  dielectric  strength  of  the 
CdTe  rather  than  surface  states. 

SIMMARY 

A  controlled  growth  process  as  well  as  pre  and  post 
treatments  and  anneals  have  been  developed  to  ob¬ 
tain  an  MOCVD  CdTe/n-HgCdTe  heterostructure  for 
passivation  of  photodiodes.  This  passivation  plays  an 
important  role  in  a  new  device  architecture  based  on 
a  combination  of  a  p-on-n  homojunction  in  a  single 
layer  of  n-type  HgCdTe  and  the  CdTe/HgCdTe 
heterostructure  for  passivation.16  The  MOCVD  CdTe 
exhibits  excellent  dielectric,  insulating,  and  mechano- 
chemical  properties  as  well  as  interface  properties,  as 
exhibited  by  MIS  devices  where  the  MOCVD  CdTe  is 
the  single  insulator.  We  have  obtained  interfaces 
characterized  by  slight  accumulation  and  a  small 
hysteresis  in  the  C-V  characteristics. 

The  fine  details  of  the  MOCVD  CdTe  growth  pro¬ 
cess  must  be  tailored  to  the  HgCdTe  material  (bulk  or 
epilayer,  undoped  or  intentionally  doped  and  orienta¬ 
tion).  From  the  modeling  of  the  heterostructure,  it  is 
evident  that  close  to  flat  band  conditions  are  achieved 


more  easily  on  higher  doped  n-HgCdTe  which  is  also 
less  sensitive  to  fixed  surface  states.  Hence,  it  can  be 
concluded  that  intentionally  doped,  n-type  epilayers 
with  Nd  =  1015  cm  3  or  higher,  are  the  preferred 
starting  material  for  the  single  layer  p-on-n  photodi¬ 
odes  of  Fig.  1,  although  bulk  material  can  be  also  used. 

For  the  present  study,  we  have  used  unintentionally 
doped,  bulk  n-type  HgCdTe  which  is  a  well  character¬ 
ized,  reproducible  and  available  material.  The  (111) 
orientation  corresponds  to  LPE  HgCdTe  epilayers. 

The  growth  temperature  as  well  as  the  pre  and  post 
treatments,  drastically  affect  the  electrical  properties 
of  the  interface.  The  UV  photons  are  an  important 
ingredient  in  the  overall  process.  The  Hg  atoms  in  the 
vapor  phase  efficiently  absorb  the  UV  photons.  In  the 
presence  of  excited  Hg  atoms,  hydrogen  radicals  are 
formed  via  direct  collisions  in  the  vapor  phase.  The 
hydrogen  radicals  form  volatile  hydrides  with  Te 
atoms  and  possibly  with  additional  impurity  atoms 
that  may  reside  on  the  HgCdTe  surface.  The  hydrogen 
radicals  also  reduce  native  oxides  and  remove  water 
molecules  that  are  easily  adsorbed  on  the  polar  sur¬ 
face  of  (111)  HgCdTe.  In  addition,  it  is  quite  possible 
that  hydrogen  radicals  passivate  the  HgCdTe  sur¬ 
face,  but  this  has  not  been  proven  so  far.  Further¬ 
more,  it  seems  that  the  exited  Hg  atoms  in  the  vapor 
phase  are  more  effective  in  controlling  the  n-type 
conductivity  of  HgCdTe  substrates,  but  this  issue 
should  be  further  studied. 

From  the  modeling,  it  is  evident  that  some  degree  of 
grading  is  actually  beneficial  for  passivation.  This  is 
corroborated  by  the  experimental  results.  The  MIS 
device  that  was  exposed  to  post  treatment  and  anneal 
at  the  elevated  temperature  of  350°C  for  one  hour, 
exhibited  the  lowest  density  of  fixed  surface  states.  It 
is  quite  possible  that  in  the  graded  heterostructure,  a 
damaged  layer  of  several  hundreds  of  angstroms  is 
consumed  by  interdiffusing  with  the  CdTe.  The  sur- 
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Fig.  10.  Calculated  band  diagram  of  a  P+  -  P-  -  MOCVD  CdTe/n- 
HgCdTe  graded  heterostructure,  at  77 K.  The  doping  level  of  the 
HgCdTe  is  Nd  =  1 015  cm-3,  the  doping  level  of  the  P-  CdTe  is  Na  =  1 013 
crrr3andthe  doping  level  of  the  P+  CdTe  is  Na  =  1 016cirr3.  The  grading 
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face  charges  that  drastically  affect  the  narrow  band 
gap  HgCdTe  hardly  affect  the  wider  band  gap  HgCdTe. 

Finally,  it  should  be  noted  that  the  low  doped 
MOCVB  CdTe  is  easily  depleted  and  the  depletion 
width  may  extend  to  several  microns.  In  practice,  the 
MOCVD  passivation  which  is  less  than  1  micron,  is 
fully  depleted.  For  the  passivation  of  photodiodes,  it  is 
not  advisable  to  have  a  CdTe  with  a  charged  outer 
surface  which  may  affect  the  CdTe/HgCdTe  interface. 
There  are  three  possible  technological  solutions:  the 
first  is  to  cover  the  CdTe  passivation  with  a  metallic 
layer,  similar  to  the  gate  of  the  MIS  devices  presented 
in  this  study.  The  second  is  to  evaporate  thick  CdTe  or 
ZnS  layers.  This  solution  is  not  ideal  since  the  new 
interface  which  is  now  formed  (between  the  CdTe  and 
the  evaporated  insulator)  is  not  well  defined  and 
there  is  ample  experimental  evidence  that  a  double 
layer  insulator  introduces  additional  difficulties.28 
The  third  and  most  elegant  solution  is  to  terminate 
the  MOCVD  CdTe  growth  by  growing  arsenic  doped 
CdTe.  The  band  diagram  of  the  proposed  P+  -  P-  - 
CdTe/n-HgCdTe  graded  heterostructure  is  shown  in 
Fig.  10.  Approximately  0.5  microns  of  the  low  doped 
CdTe  are  now  depleted  while  the  bending  of  the  P+ 
CdTe  with  Na  =  1016  cm-3  is  less  than  several  tenth  of 
micron.  The  proposed  P+-  P-  -  CdTe  can  be  grown  in 
a  single  run  and  hence  there  is  no  concern  for  the 
formation  of  a  new  interface. 
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In  this  study,  CdTe  epilayers  were  grown  by  metalorganic  chemical  vapor 
deposition  on  epitaxial  HgCdTe  with  the  purpose  of  developing  suitable  passiva¬ 
tion  for  HgCdTe  photodiodes.  Two  types  of  CdTe  layers  were  investigated.  One 
was  grown  directly,  in  situ ,  immediately  following  the  growth  of  HgCdTe.  The 
second  type  of  CdTe  was  grown  indirectly,  on  top  of  previously  grown  epitaxial 
HgCdTe  samples.  In  this  case,  the  surface  of  the  HgCdTe  was  exposed  to  ambient 
atmosphere,  and  a  surface  cleaning  procedure  was  applied.  The  material  and 
structural  properties  of  the  CdTe/HgCdTe  interfaces  were  investigated  using 
secondary  ion  mass  spectroscopy,  Auger  electron  spectroscopy,  Rutherford  back 
scattering,  and  x-ray  double  crystal  diffractometry  techniques.  Electrical  prop¬ 
erties  of  the  CdTe/HgCdTe  heterostructure  were  determined  by  capacitance- 
voltage  (C-V)  characterization  of  Schottky  barrier  devices  and  metal  insulator 
semiconductor  devices.  Also,  a  preliminary  current-voltage  characterization  of 
n+  p  photodiodes  was  performed.  A  theoretical  model  suitable  for  analysis  of 
graded  heterojunction  devices  was  used  for  interpretation  of  C-V  measurements. 

Key  words:  HgCdTe,  metalorganic  chemical  vapor  deposition  (MOCVD), 
metal  insulator  semiconductor  (MIS)  devices,  passivation 


INTRODUCTION 

High  performance  infrared  imaging  systems  are 
currently  based  on  a  two-dimensional  matrix  of  pho¬ 
tovoltaic  detectors,  cooled  to  77K  and  coupled  with  a 
Si  processor  in  the  focal  plane.1  The  photovoltaic 
detectors  suitable  for  sensing  thermal  radiation  in 
the  8-12  pm  range  are  usually  made  of  either  one  or 
two  HgCdTe  layers.2’3  The  passivation  of  HgCdTe  is  a 
critical  step,  especially  for  the  small  area  devices 
typically  used  for  imaging  applications.  During  the 
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previous  decade,  the  dominant  surface  passivation 
process  for  photodiodes  was  based  on  ZnS.  A  compre¬ 
hensive  review  of  the  requirements  for  HgCdTe  sur¬ 
face  passivation,  as  well  as  a  review  of  the  passivation 
techniques,  was  given  by  Nemirovsky  and  Bahir.4 

Recently,  deposition  of  CdTe  on  HgCdTe  surfaces 
emerged  as  a  standard  method  for  passivation  of 
HgCdTe  photodetectors.1-3’5-12  CdTe  appears  attrac¬ 
tive  for  passivation  of  HgCdTe  because  it  is  a  wide  gap 
semiconductor  which  is  nearly  lattice  matched  and  is 
chemically  compatible  with  HgCdTe.  In  addition, 
CdTe  is  transparent  to  infrared  radiation,  not  hygro¬ 
scopic  (like  ZnS),  and  mechanically  harder  than 
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Fig.  1.  Double  crystal  rocking  curve  for  the  CdTe/HgCdTe  hetero- 
junction  indicating  the  CdTe  cap  layer  peak  and  the  HgCdTe  peak. 
Note  that  the  CdT e  cap  layer  peak  is  shifted  from  the  expected  position 
because  of  the  elastic  strain  at  the  interface  caused  by  the  lattice 
mismatch. 


HgCdTe.  Epitaxially  grown  CdTe  on  HgCdTe  reduces 
the  number  of  dangling  bonds,  leading  to  reduction  of 
generation  centers,  recombination  centers,  and  traps 
at  the  interface.  Thus,  the  presence  of  CdTe  layers  can 
reduce  surface  leakage  and  improve  diode  perfor¬ 
mance.  Furthermore,  a  graded  CdTe/HgCdTe  hetero¬ 
junction  produces  an  electric  field  in  HgCdTe  that 
pushes  minority  carriers  away  from  the  interface  and 
consequently  reduces  the  surface  recombination  ve¬ 
locity  of  minority  carriers. 

The  CdTe  layer  can  be  deposited  using  various 
techniques.8  Practical  realization  of  epitaxially  grown 
CdTe/HgCdTe  heterojunctions  became  feasible  due 
to  recent  progress  in  molecular  beam  epitaxy  (MBE) 
and  metalorganic  chemical  vapor  deposition 
(MOCVD).  These  techniques  enable  direct  growth  of 
high  quality  CdTe  on  top  of  HgCdTe  in  a  single  run. 
Such  a  procedure  avoids  contamination  of  the  CdTe/ 
HgCdTe  interface  by  exposure  to  the  ambient  atmo¬ 
sphere.  However,  such  direct,  in  situ ,  growth  of  CdTe 
is  not  always  possible  because  additional  technologi¬ 
cal  steps  are  sometimes  required  before  the  growth  of 
the  passivation  layer;  for  example,  etching  of  mesa,2*3 
or  passivation  of  buried  implanted  junction  in  planar 
process1.  In  such  cases,  the  indirect  CdTe  passivation 
must  be  used  and  the  HgCdTe  surface  preparation 
procedure  must  be  taken  into  account.11’13 

Understanding  the  electrical  properties  of  CdTe/ 
HgCdTe  heterostructures  is  essential  for  develop¬ 
ment  of  suitable  photodetector  passivation.  Either  an 
inversion  or  accumulation  layer  at  the  interface  can 
degrade  diode  performance  by  inducing  leakage  cur¬ 
rents.  Therefore,  it  is  desirable  to  achieve  a  near  flat- 
band  condition  at  the  surface  of  HgCdTe.  Parasitic 
interface  charges  cause  energy  band  bending  as  well 
as  increase  of  recombination  and  tunneling  currents 


at  the  surface.  Consequently,  a  low  parasitic  charge 
density  is  needed  at  the  interface.  The  work  of 
Zimmermann  et  al.6  described  the  fundamental  dif¬ 
ferences  between  classical  dielectric  passivation  and 
semiconductor  heterostructure  passivation.  The  ef¬ 
fect  of  CdTe  doping  on  abrupt  CdTe/HgCdTe  hetero- 
junctions  was  discussed  by  Sarusi  et  al.7  The  effects  of 
interface  grading  and  valence  band  offset  were  previ¬ 
ously  analyzed,14-16  while  the  influence  of  the  inter¬ 
face  charges  was  considered  by  Nemirovsky  et  al.11 
The  effects  of  metal  contact  to  CdTe  were  briefly 
mentioned.6’7  Numerical  modeling  of  CdTe/HgCdTe 
heterojunctions  is  essential  for  proper  device  design;14-16  in 
particular,  the  effects  of  carrier  degeneracy,  and  con¬ 
duction  band  nonparabolicity  must  be  addressed.17-19 
Still,  the  existing  publications  on  CdTe  passivation 
and  properties  of  CdTe/HgCdTe  interface  are  very 
limited. 

In  this  work,  we  consider  the  electrical  and  struc¬ 
tural  properties  of  the  epitaxial  CdTe/HgCdTe  inter¬ 
face  from  the  point  of  view  of  infrared  photodiode 
passivation.  First,  we  discuss  the  material  growth 
and  device  preparation  procedure,  followed  by  the 
experimental  investigation  of  structural  and  electri¬ 
cal  properties. 

CRYSTAL  GROWTH  AND 
DEVICE  PREPARATION 

In  this  work,  two  types  of  MOCVD  CdTe  growth 
were  used.  In  the  first  case,  CdTe  was  grown  directly, 
in  situ ,  immediately  following  the  HgCdTe  growth.  In 
the  second,  the  MOCVD  CdTe  layer  was  grown  on  top 
of  a  previously  grown  HgCdTe  layer  whose  surface 
was  exposed  to  ambient  atmospere  and  susequently 
subjected  to  a  surface  cleaning  procedure. 

In  the  direct  process,  the  CdTe/HgCdTe  het¬ 
erostructures  were  grown  on  (211)B  CdTe  substrate 
in  a  horizontal  reactor  using  the  interdiffused  multi¬ 
layer  process20’21  (IMP).  The  source  materials  were 
diisopropyltelluride  (DiPTe),  dimethylcadmium 
(DMCd),  and  metallic  mercury.  The  growth  tempera¬ 
ture  was  360°C  and  the  growth  rates  were  3.6  and  3 
p.m/h  for  the  CdTe  and  HgTe,  respectively.  Normally, 
a  heat  treatment  was  carried  out  for  an  additional  30 
min  at  growth  temperature  in  order  to  complete  the 
homogenization  of  the  HgCdTe.  The  p-type  samples 
were  undoped,  but  we  cannot  reject  the  possibility  of 
unintentional  background  doping  with  p-type  impu¬ 
rities.  The  n-type  samples  were  obtained  by  a  low 
temperature  anneal  of  the  undoped  material. 

In  the  indirect  process,  MOCVD  (211)B  or  liquid 
phase  epitaxy  (LPE)  (lll)B  HgCdTe  epitaxial  layers 
were  used.  Following  an  appropriate  surface  cleaning 
procedure,  the  CdTe  layer  was  grown  in  the  MOCVD 
chamber  with  the  same  growth  conditions  as  for  the 
direct  process.  Several  samples  of  each  type  were 
prepared,  with  more  than  20  devices  on  each  sample. 

The  structure  of  the  sample  was  10  um  of  either  p- 
or  n-tyge  Hg^Cd^Te  (x  ~  0.22),  covered  by  a  (1000- 
15000)A  layer  of  CdTe.  The  surface  morphology  of  the 
CdTe  cap  layer  was  mirror-like  with  no  hillock-type 
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defects  of  any  kind. 

In  this  study,  we  used  Schottky  barrier  devices, 
MIS  capacitors,  and  p-n  diodes  to  study  the  electrical 
properties  of  the  CdTe/HgCdTe  interface.  Schottky 
barrier  was  formed  on  top  of  the  CdTe  layer  by  the 
deposition  of  Ti/Au.  Metal  insulator  semiconductor 
capacitors  were  fabricated  by  the  deposition  of  3500- 
4000A  of  ZnS  on  top  of  CdTe,  with  Ti/Au  used  for  gate 
metallization.  Ohmic  contacts  were  obtained  by  etch¬ 
ing  the  CdTe  layer  followed  by  Au  deposition. 

Planar  photodiodes  used  in  this  study  were  fab¬ 
ricated  by  implantation  of 300  KeV  boron  ions  through 
the  CdTe  cap  layer  into  p-type  HgCdTe  active  layer. 
This  procedure  was  applied  to  devices  with  the  di¬ 
rectly,  in  situ ,  grown  CdTe  passivation.  Consequently, 
the  n-type  implanted  region,  the  p-type  substrate, 
and  the  junction  depletion  region  were  all  passivated 
by  the  CdTe  cap.  An  additional  1  pm  layer  of  ZnS  was 
deposited  on  top  of  the  CdTe  at  room  temperature  in 
order  to  improve  the  dielectric  properties  of  the  passiva¬ 
tion.19 

STRUCTURAL  PROPERTIES 

A  number  of  complementary  techniques  were  used 
to  analyze  the  crystal  quality  and  chemical  composi¬ 
tion  of  the  samples. 

The  crystal  quality  was  investigated  using  double 
crystal  x-ray  diffractometry  (BCD).  The  double  crys¬ 
tal  x-ray  rocking  curve  of  a  CdTe/HgCdTe  (211)B 
structure  is  shown  on  Fig.  1.  The  diffraction  peak  of 
the  CdTe  thin  film  clearly  demonstrates  the  single 
crystal  nature  of  the  CdTe  cap  layer.  The  diffraction 
peak  of  the  substrate  CdTe  is  missing  (its  approxi¬ 
mate  location  is  indicated  by  an  arrow)  because  the 
HgCdTe  epitaxial  layer  is  thicker  than  the  pene¬ 
tration  depth  of  the  x-rays.  The  angular  shift  of  the 
CdTe  cap  layer,  in  respect  to  the  CdTe  substrate, 
reflects  elastic  deformation  due  to  the  lattice  mis¬ 
match  at  the  CdTe/HgCdTe  interface.  The  grading  of 
the  CdTe/HgCdTe  heterojunction  causes  a  very  broad 
peak  corresponding  to  the  CdTe  cap  layer,  as  can  be 
seen  in  Fig.  1 .  Because  of  the  strong  influence  of  strain 
on  BCD  measurements,  it  was  difficult  to  determine 
the  difference  between  directly  and  indirectly  grown 
samples.  We  found  that  for  the  growth  in  theo(211) 
direction  and  for  thickness  larger  than  5000A,  the 
strain  is  relaxed,  probably  by  misfit  dislocations  that 
relieve  the  stress  between  the  cap  and  the  HgCdTe 
substrate.  The  relationship  between  the  CdTe  thick¬ 
ness,  strain  effects,  and  electrical  properties  of  MIS 
devices  is  currently  being  studied. 

Rutherford  back  scattering  (RBS)  was  used  for 
analysis  of  the  crystal  quality  of  the  interface  between 
the  CdTe  cap  layer  and  the  HgCdTe  base  layer.  The 
analyzing  beam  consisted  of 320  KeV  H+ ions  in  a  165° 
back  scattering  configuration.  Figureo2  shows  the 
random  and  channeled  spectra  of  1000A  CdTe  grown 
on  the  epitaxial  HgCdTe  layer.  The  good  crystallinity 
of  the  CdTe  is  seen  by  the  low  ratio  between  channeled 
and  random  spectra.  Nearly  the  same  ratio  is  kept  in 
the  HgCdTe  area,  which  demonstrates  the  quality  of 


the  interface.  Note  that  there  is  a  clear  difference 
between  the  channeled  spectra  for  LPE  HgCdTe  (111) 
and  for  MOCVB  HgCdTe(2 1 1).  A  larger  dechanneling 
rate  is  observed  for  the  LPE  grown  samples  which  is 
evidence  of  a  larger  defect  concentration  at  the  CdTe/ 
HgCdTe  interface  with  LPE  HgCdTe.  Presently,  we 
cannot  measure  differences  between  direct  and  indi¬ 
rect  growth  of  CdTe  because  of  insufficient  sensitivity 
of  the  RBS  technique. 

The  element  distribution  and  interface  grading 
were  determined  by  Auger  electron  spectroscopy 
(AES).  The  measurements  were  performed  in  the  first 
derivative  mode  by  a  Perkin-Elmer  PHI  590A  spec¬ 
trometer  using  a  primary  beam  of  3.0  KeV,  1  pm 
electrons.  Bepth  profiles  were  obtained  by  1.1  KeV, 
Ar+  ion  sputter  etching  with  simultaneous  monitoring 

ENERGY  [MeV] 


CHANNEL 

Fig.  2.  Aligned  and  random  spectra  of  320  KeV  of  H+  ions  back 
scattered  from  CdTe/HgCdTe  interface.  The  1000A  CdTe  cap  layer 
was  grown  by  MOCVD  on  top  of  LPE  or  MOCVD  grown  HgCdTe. 


DISTANCE  [jim] 

Fig.  3.  Auger  electron  spectroscopy  measurements  which  allow  esti¬ 
mation  of  the  CdTe  cap  layer  width  and  the  CdTe/HgCdTe  interface 
grading. 
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Fig.  4.  Secondary  ion  mass  spectroscopy  measurements  for  the  (a) 
directly  and  (b)  indirectly  grown  CdTe  layer.  Note  the  oxide  peak 
present  in  the  indirectly  grown  samples  which  appears  to  be  the  result 
of  the  HgCdTe  surface  exposure  to  the  atmosphere  and  subsequent 
surface  treatment  procedure. 


of  the  peak-to-peak  intensities  of  the  corresponding 
Auger  transitions.  Figure  3  shows  the  composition 
depth  profile  of  a  characteristic  CdTe/HgCdTe  layer 
measured  by  AES.  As  can  be  seen  in  the  figure,  the 
thickness  of  the  pure  CdTe  is  about  12G0A  while  the 
graded  region  is  about  80GA  thick. 

Secondary  ion  mass  spectroscopy  (SIMS)  data  were 
used  to  investigate  the  chemical  properties  of  the 
interfaces  for  the  different  CdTe/HgCdTe  growth 


methods.  The  SIMS  depth  profiles  were  measured  in 
a  Cameca  IMS4f  ion  microscope,  using  a  Cs+  primary 
beam  with  an  impact  energy  of  14.5  KeV.  The  diam¬ 
eter  of  the  analyzed  area  was  33  pm,  while  the 
primary  beam  was  rastered  over  an  area  of 200  x  200 
pm2.  Both  SIMS  and  AES  measurements  were  used  to 
determine  the  thickness  of  the  CdTe  layer,  which  was 
around  1200A.  The  width  of  the  CdTe/HgCdTe  graded 
region  was  in  the  500-1000x4  range,  depending  on  the 
heat  treatment  following  the  crystal  growth.  Figure  4 
shows  SIMS  depth  profiles  of  directly  and  indirectly 
grown  CdTe  layers.  An  oxide  peak  is  clearly  present  at 
the  CdTe/HgCdTe  interface  for  the  indirectly  grown 
structure,  while  no  oxide  peak  was  observed  in  samples 
grown  by  the  direct  method.  It  appears  that  the  thin 
oxide  layer  is  the  result  of  the  surface  cleaning  proce¬ 
dure  prior  to  the  CdTe  growth  process.13  The  effect  of 
this  interface  layer  on  the  electrical  properties  of  the 
heterostructure  will  be  discussed  later, 

ELECTRICAL  PROPERTIES 

The  effective  doping  and  mobility  were  obtained 
from  Hall  measurements.  The  electrical  characteris¬ 
tics  of  typical  wafers  at  77K  are:  ND  =  (1-5)  x  1015  cm-3, 
pn  =  6  x  104  cm2/(V-s)  for  n-type,  and  NA  =  (1-2)  x  1016 
cm-3,  pp  =  (400-600)  cm2/(V-s)  for  p-type. 

The  impurity  distribution  in  the  immediate  vicinity 
of  the  CdTe/HgCdTe  interface  was  studied  with  C-V 
profiling  of  Schottky  barriers.12  This  procedure  also 
allowed  us  to  determine  the  valence  band  offset  of  the 
heterojunction.  The  energy  band  bending  at  the  CdTe/ 
HgCdTe  was  investigated  with  C-V  measurements  of 
the  ZnS/CdTe/HgCdTe  MIS  capacitors.  The  MIS  ca¬ 
pacitors  were  mounted  in  a  dewar  with  a  cold  shield 
and  measured  at  a  temperature  of  77K.  Capacitance 
and  conductance  were  measured  as  a  function  of  the 
gate  voltage  using  an  HP4280A  C-V  Plotter  at  a 
frequency  of  1  MHz. 

The  simulation  of  the  C-V  measurements  was  ac¬ 
complished  with  the  help  of  a  numerical  solution  of 
the  one-dimensional  Poisson’s  equation.14"16  The  simu¬ 
lation  used  the  device  and  material  parameters  as 
inputs,  with  the  fixed  interface  charge  density  as¬ 
sumed  to  be  the  only  unknown  parameter.  The  under¬ 
lying  physical  model  includes  effects  of  carrier  degen¬ 
eracy  and  conduction  band  nonparabolicity  which  are 
necessary  for  a  proper  description  of  HgCdTe  de¬ 
vices.12-17’18  These  effects  were  implemented  with  the 
help  of  an  approximation  for  the  nonparabolic  carrier 
concentration12’18  which  eliminated  the  need  for  nu¬ 
merical  evaluation  of  the  nonparabolic  Fermi-Dirac 
integral.  The  model  can  account  for  position-depen¬ 
dent  doping,  material  composition,  dielectric  con¬ 
stant,  electron  affinity  (band  offsets),  and  interface 
charges.  The  model  was  used  to  calculate  the  band 
structure  and  the  quasi-static  small-signal  capaci¬ 
tance  of  the  device,  assuming  negligible  currents  and 
neglecting  fast  surface  states. 

The  typical  results  of  C-V  measurements  for  the 
directly,  in  situ ,  grown  CdTe  layer  are  presented  in 
Fig.  5.  The  main  feature  of  these  measurements  is  a 
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near  flat-band  condition,  as  determined  from  a  com¬ 
parison  to  the  theoretical  calculation,  which  implies  a 
low  density  of  fixed  charges.  We  cannot  be  certain 
about  the  spatial  distribution  of  the  interface  fixed 
charges;  therefore,  it  is  assumed  that  they  are  located 
at  CdTe/HgCdTe  interface.  Note  that  the  difference 
between  the  theoretical  and  experimental  MIS  C-V 
curves  is  due  to  the  fact  that  the  model  is  suitable  for 
low  frequency  C-V  while  the  measurements  were 
performed  at  MHz  which  can  be  considered  a  high 
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Fig.  5.  The  measured  C-V  characteristic  of  an  MIS  device  with  directly 
grown  CdT  e  cap  layer  for  (a)  p-type  and  (b)  n-type  HgCdT  e  substrates. 
Note  a  near  flat  band  position  of  the  C-V  curve. 


frequency.  The  p-type  samples,  Fig.  5a,  were  slightly 
depleted  with  a  flat-band  voltage  of  -1.5  V.  This 
indicates  that  the  fixed  charge  density  is  cr  = 
(5±2)  x  1010  cm-2,  assuming  the  work  function  differ¬ 
ence11’12  cpms  «  0  V  between  Ti  and  HgCdTe  (x  =  0.22). 
The  error  resulted  from  the  flat-band  voltage  fluctua¬ 
tions  for  different  devices.  The  n-type  samples,  Fig. 
5b,  indicated  the  fixed  interface  charge  density  of  a  = 
— (2±1)  x  1010  cnr2.  Both  interfaces  are  characterized 
by  a  small  hysteresis  loop  of  about  0.  IV  (not  shown  in 
the  figure),  for  applied  voltages  between  -5  to  5  V.  The 
devices  were  stable  with  respect  to  temperature  cycles 
from  77  to  370K. 

Samples  with  indirectly  grown  CdTe  and  n-type 
HgCdTe  also  demonstrated  a  nearly  flat-band  condi¬ 
tion,  as  can  be  seen  in  Fig.  6.  However,  they  were 
characterized  by  a  significant  hysteresis  loop  which 
can  be  explained  by  the  presence  of  a  large  density  of 
slow  traps  at  the  CdTe/HgCdTe  interface.  The  surface 
of  indirectly  grown  p-type  samples  (not  presented 
here)  was  found  to  be  slightly  inverted,  probably  due 
to  fixed  interface  charges.  It  appears  that  the  ob¬ 
served  large  densities  of  interface  traps  and  fixed 
charges  are  the  consequence  of  the  interruption  in  the 
growth  process.  This  can  be  related  to  the  SIMS 
measurements  which  demonstrated  an  oxide  pres¬ 
ence  at  the  CdTe/HgCdTe  interface  for  the  indirectly 
grown  samples.  Consequently,  it  appears  that  the 
oxide  at  the  interface  causes  a  large  density  of  slow 
interface  traps  which  in  turn  causes  a  significant 
hysterisis  in  MIS  C-V  measurements.  Therefore,  an 
appropriate  surface  treatment  procedure  must  be 
used  in  order  to  reduce  the  surface  oxidation  for 
indirectly  grown  CdTe/HgCdTe  samples.  This  is  the 
subject  of  continuing  research. 

The  preliminary  current-voltage  measurements 
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Fig.  6.  Metal  insulator  semiconductor  C-V  measurements  for  the 
indirectly  grown  CdTe  passivation  on  top  of  MOCVD  HgCdTe. 
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Fig.  7.  The  current-voltage  characteristic  and  the  dynamic  resistance 
of  an  ion  implanted  n+  p  photodiode  with  a  directly  grown  CdTe 
passivation. 

were  performed  for  photodiodes  with  direct  CdTe 
passivation.  In  Fig.  7,  we  present  the  current-voltage 
and  dynamic  resistance  characteristics  of  such  a  pho¬ 
todiode.  Typical  values  of  R0A  were  in  the  range  10- 
20  Qcm2  for  photodiodes  with  the  cut-off  wavelength 
9.8  pm  at  77K.  The  detailed  properties  of  the  photo¬ 
diodes  are  currently  being  investigated. 

CONCLUSIONS 

In  this  study,  we  investigated  electrical  and  struc¬ 
tural  properties  of  epitaxial  CdTe  layers  grown  as 
passivation  on  top  of  epitaxial  HgCdTe.  The  BCD  and 
RBS  measurements  showed  good  crystalline  proper¬ 
ties  of  the  HgCdTe  substrate  and  CdTe  cap  layer. 
Chemical  properties  were  investigated  with  AES  and 
SIMS  measurements  which  allowed  us  to  determine 
the  width  of  the  CdTe  cap  layer  and  the  grading  of  the 
interface.  Also,  SIMS  measurements  showed  an  oxide 
peak  at  the  CdTe/HgCdTe  interface  for  indirectly 
grown  CdTe  layers.  This  oxide  can  be  attributed  to  the 
HgCdTe  surface  exposure  to  ambient  atmosphere 
and  the  surface  preparation  procedure.  The  C-V  char¬ 
acteristics  were  measured  for  the  TiAu/ZnS/CdTe/ 
HgCdTe  MIS  heterostructure  with  both  directly  and 
indirectly  grown  CdTe  layers.  The  test  structures 
with  directly  grown  CdTe  demonstrated  a  nearly  flat- 
band  condition  and  a  very  small  hysteresis.  Samples 
with  indirectly  grown  CdTe  showed  hysteresis  which 
can  be  attributed  to  the  slow  interface  traps  caused  by 
the  oxide  at  the  interface.  The  current-voltage  charac¬ 
teristics  of  photodiodes  with  directly  grown  CdTe 
passivation  were  measured.  We  conclude  that  di¬ 
rectly  grown  epitaxial  CdTe  is  suitable  for  passiva¬ 


tion  of  HgCdTe  while  indirectly  grown  CdTe  on  n-type 
HgCdTe  is  still  acceptable,  though  less  desirable  than 
directly  grown  CdTe.  It  might  be  possible  to  reduce 
the  density  of  the  interface  charges  by  applying  an 
appropriate  surface  preparation  procedure. 
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The  objectives  of  this  work  are  to  study  the  physical  and  chemical  structure  of 
CdTe  films  using  secondary  ion  mass  spectrometry  (SIMS)  and  atomic  force 
miroscopy  (AFM)  and  to  demonstrate  the  usefulness  of  these  analytical  tech¬ 
niques  in  determining  the  characteristics  of  CdTe-passivation  films  deposited  by 
different  techniques  on  HgCdTe  material.  Three  key  aspects  of  CdTe  passivation 
of  HgCdTe  are  addressed  by  different  analytical  tools:  a)  morphological  micro¬ 
structure  of  CdTe  films  examined  by  atomic  force  microscopy;  b)  compositional 
profile  across  the  interface  determined  by  Matrix  (Te) — SIMS  technique; 
c)  concentration  of  various  impurities  across  the  CdTe/HgCdTe  structure  pro¬ 
filed  by  secondary  ion-mass  spectrometry. 

Key  words:  Atomic  force  microscopy,  CdTe  passivation,  HgCdTe,  molecular 
beam  epitaxy  (MBE),  secondary  ion  mass  spectrometry  (SIMS) 


INTRODUCTION 

CdTe  passivation  of  HgCdTe  infrared  detectors  has 
become  the  standard  approach  in  the  infrared  in¬ 
dustry.1  Various  techniques  are  being  used  to  deposit 
CdTe  films  on  mesa  or  planar  device  structures.2-4 
Studies  addressing  some  aspects  of  CdTe  passivation 
have  been  published.5-8 More  work  is  needed  to  fully 
understand  and  control  the  passivation  process.  While 
this  approach  yields  excellent  results,  surface  passi¬ 
vation  appears  to  limit  diode  operability  to  some 
degree  for  all  device  architectures  and  at  all  wave¬ 
lengths. 

Structurally,  the  thin  passivation  film  should  be  a 
high  density,  stoichiometric,  conformal  coating  with 
minimal  (zero)  pin  hole  type  defects.  It  should  adhere 
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well  to  the  HgCdTe  material  and  should  have  a 
surface  suitable  for  stable  metallization.  The  film 
should  have  minimal  stress  to  ensure  its  stability 
after  several  thermal  cycles.  It  should  be  bakeable  at 
>  150°C  and  should  withstand  the  subsequent  steps  of 
device  processing.  Electrically,  the  passivation  proce¬ 
dure  should  provide  a  low  density  of  fixed  charges  at 
the  interface.  The  goal  is  to  reduce  the  interface  fixed 
charge  density  below  10n/cm2  and  obtain  near  flatband 
surface  potential  conditions. 

Another  key  requirement  is  that,  both  structurally 
and  electrically,  the  passivation  layer  be  spatially 
uniform.  One  of  the  more  exacting  tests  of  a  good 
passivation  is  in  device  performance  at  low  tempera¬ 
ture  and  low  background,  and  in  the  device  tolerance 
to  ionizing  radiation  environment. 

Texas  Instruments  group8  has  observed  that  ther¬ 
mal  annealing  removes  the  passivation  problem  due 
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to  the  interdiffusion  that  occurs  in  the  CdTe/HgCdTe 
interface.  The  assumption  is  that  the  thermally  in¬ 
duced  compositional  grading  near  the  interface  oc¬ 
curs  such  that  the  HgCdTe  'electrical’  surface  is 
shifted  away  from  the  initial  defective  interface  in  a 
relatively  benign  wider  gap  region.  This  interdiffu¬ 
sion  should  then  lead  to  devices  that  are  thermally 
stable  and  do  not  degrade  with  time.  The  conclusion 
of  this  work  was  that  a  thermally  interdiffused 
HgCdTe/CdTe  interface  leads  to  a  reproducible  im¬ 
provement  in  passivation,  irrespective  of  the  growth 
method  used  for  CdTe. 

The  objectives  of  this  work  are  to  examine  the 
physical  and  chemical  structure  of  a  variety  of  CdTe 
passivation  films  using  secondary  ion  mass  spectrom¬ 
etry  (SIMS)  and  atomic  force  microscopy  (AFM).  Three 
key  aspects  of  CdTe  passivation  of  HgCdTe  are  ad¬ 
dressed: 

•  morphology  of  CdTe  film; 

®  compositional  profile  across  the  interface;  and 


Fig.  1.  Atomic  force  microscopy  provides  new  insight  to  CdTe  sur¬ 
faces:  (a)  Si-tip  and  (b)  large  sample  stage  for  AFM  Digital  Instru¬ 
ments  NanoScope  III. 

0  impurities  at  the  interface  and  in  CdTe  films. 

We  present  the  comparative  results  of  passivation 
of  LPE — HgCdTe  with  CdTe  films  deposited  by  elec¬ 
tron-beam  deposited  at  room  temperature  and  mo¬ 
lecular  beam  epitaxy  (MBE)  at  90°C. 

ANALYTICAL  METHODS 

Different  analytical  tools  have  been  used  to  address 
three  key  aspects  of  CdTe  passivation  of  HgCdTe: 

°  Atomic  force  microscopy  to  examine  the  morpho¬ 
logical  microstructure  of  CdTe  films;9 

*  Matrix  (Te)-SIMS  to  determine  the  compositional 
profile  across  the  interface;10 

0  Secondary  ion-mass  spectrometry  to  profile  the 
concentration  of  various  impurities  across  the 
CdTe/HgCdTe  structure.11’12 

New  insight  into  CdTe  surfaces  is  gained  by  apply¬ 
ing  the  AFM  technique  to  CdTe/HgCdTe  structures. 
This  technique  allows  micro  structure  assessment  of 
very  fine  spatial  features.  The  magnitude  of  rough¬ 
ness  becomes  graphically  evident  on  a  few  tenths  of 
angstroms  scale  in  the  vertical  direction,  and  a  few 
tens  of  angstroms  in  the  x-y  plane. 

The  AFM  analyses  were  performed  by  using  a 
Digital  Instruments  NanoScope  III  in  Tapping  Mode. 
The  configuration  of  the  Tapping  Mode  tip  assembly 
used  to  sense  the  sample  surface  is  shown  in  Fig.  1.  By 
this  method,  a  3D  image  of  the  surface  of  a  sample  is 
compiled  by  scanning  an  etched  silicon  tip  (Fig.  la) 
across  the  surface  while  the  tip  and  its  supporting 
cantilever  (Fig.  lb)  are  oscillated  at  their  resonant 
frequency  (which  is  on  the  order  of  a  few  hundred 
kilohertz).  The  cantilever  substrate  is  vibrated  to  a 
frequency  set  by  the  user  to  coincide  with  the  reso¬ 
nant  frequency  of  the  cantilever.  The  position  of  the 
tip  is  detected  by  the  beam  (beam  1)  emitted  by  the 
laser  diode.  A  portion  of  this  beam  is  reflected  by  the 
cantilever  back  into  the  laser.  The  resulting  interfer¬ 
ence  causes  laser  output  fluctuations  that  are  de¬ 
pendent  on  the  tip  position.  These  fluctuations  are 


Fig.  2.  Morphological  microstructure  of  CdTe  depends  on  the  deposition  technique:  (a)  AFM  perspective  view  (3D)  for  e-beam  CdTe,  and  (b)  same 
for  MBE  CdTe. 


detected  by  a  photodiode  monitoring  the  back  side 
emission  (beam  2)  of  the  laser.  The  signal  from  the 
photodiode  is  used  in  a  feedback  loop  for  a  vertical 
adjustment  of  the  tip  position. 

The  tip  is  scanned  in  the  x-y  plane  as  it  oscillates  in 
z  direction.  When  the  tip  touches  the  sample  surface, 
a  damping  of  the  oscillation  of  the  tip  occurs.  A  3D 
image  of  the  surface  is  constructed  by  recording  the 
feedback  signal  from  the  photodiode  to  the  tip  to 
maintain  a  small  and  constant  degree  of  damping 
during  the  surface  scan. 

The  resolution  of  the  surface  features  in  AFM 
techniques  is  high.  Vertical  resolution  is  controlled  by 
instrument  design  and  is  on  the  order  of  a  few  tenths 
of  an  angstrom.  Lateral  resolution  is  determined  by 
the  sharpness  of  the  tip,  and  it  can  be  less  than  50A. 
The  tips  are  about  7  pm  long  and  can  render  slopes  as 
steep  as  75°  from  the  horizontal.  The  resolution  of  pits 
on  the  surface  depends  on  the  shape  of  Si  tip  and  on 
the  diameter  of  the  pit.  Typically,  the  depth  measure¬ 
ment  of  a  pit  with  70-100Ain  diameter  will  be  limited 
to  -100A.  Because  only  very  slight  damping  of  the  tip 
oscillation  is  required,  tip  pressure  of  only  a  few 
tenths  of  a  nanonewton  (with  almost  no  lateral  com¬ 
ponent)  is  imparted  to  the  sample,  which  is  compat¬ 
ible  with  soft  materials  like  CdTe  and  HgCdTe. 

MATERIALS,  SAMPLE  PREPARATION,  AND 
CdTe  DEPOSITION 

Sample  preparation  conditions  represent  a  range  of 
current  deposition  technique.  The  material  used 


throughout  this  work  was  a  single  layer  LPE 
Hg1  xCdxTe  grown  on  CdZnTe  substrate.  Single  layer 
HgCdTe  material  was  chosen  to  avoid  the  complica¬ 
tion  of  the  double  layer  interface.  The  x-value  for  this 
work  was  ~0. 26;  however,  the  findings  apply  to  HgCdTe 
material  with  any  composition.  The  passivation  film 
was  CdTe.  We  have  used  two  different  techniques  to 
deposit  CdTe;  the  electron-beam  deposition  at  room 
temperature  with  a  deposition  rate  of  1.5-2A/s  and 
MBE  deposition  at  higher  temperature  (80-90°C) 
with  a  growth  rate  of  2. 8 A/s.  The  thickness  of  the  e- 
beam  deposited  CdTe  was  ~0.8  pm  and  of  MBE  de¬ 
posited  CdTe  was  -1.2  pm. 

Two  different  samples  of  each  deposition  were  char¬ 
acterized,  one  of  each  more  extensively.  The  HgCdTe 
samples  were  prepared  by  a  chemical  etch  process  in 
0.2%  Br-methanol  solution.  Samples  from  each  CdTe 
deposition  (e-beam  and  MBE)  were  analyzed  in  vari¬ 
ous  conditions:  as-deposited  as  well  as  heat  treated  in 
a  low-temperature  anneal  (250°C/10  h)  and  in  a  high- 
temperature  anneal  (430°C/15  min).  The  anneal  was 
performed  in  an  open-tube  apparatus  with  saturated 
partial  pressure  of  Hg  and  with  a  partial  pressure  of 

h2. 

ANALYSIS  RESULTS 
Atomic  Force  Microscopy 

This  technique6  is  used  to  determine  the  film  mor¬ 
phology  and  density  and  to  detect  cracks,  hillocks, 
pits,  and  other  microscopic  defects.  Atomic  force 
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Fig.  3.  Post  deposition  annealing  significantly  changes  the  structure  in  both  e-beam  and  MBE  CdTe:  (a),  (b)  AFM  perspective  view  (3D)  for  e-beam, 
and  (c),  (d)  same  for  MBE  CdTe. 


microsocpy  of  CdTe/HgCdTe  passivation  shows  large 
variations  in  morphology  for  various  films. 

Typical  perspective  3D  images  are  shown  in  Fig.  2, 
for  e-beam  deposited  CdTe  (Fig.  2a)  and  for  MBE 
deposited  CdTe  (Fig.  2b).  From  the  image  section 
analysis9  of  these  AFM  images,  we  have  obtained 
information  about  the  type  of  features  present  on  the 
surface  and  about  their  size.  Morphological  structure 
of  C  dTe  film  was  observed  to  depend  on  the  deposition 
method,  e-beam  at  room  temperature  vs  MBE  at 
90°C.  The  data  shows  features  mostly  of  pit  type  in 
e-beam  CdTe  films  (Fig.  3a)  and  of  hillocks  type  in 
MBE  (90°C)  CdTe  films.  The  e-beam  CdTe  film  (Fig. 
2a)  appears  to  be  relatively  smoother  but  less  dense. 


The  typical  size  of  the  pits  in  e-beam  CdTe  was  100- 
200A  in  diameter  with  a  depth  of  ~70A.  Relatively 
larger  granules  were  observed  in  MBE  CdTe  (Fig.  2b), 
~500A  in  height  and  -  60A  in  diameter. 

Post  deposition  anneal  significantly  changes  the 
structure  of  the  CdTe  film  in  both  e-beam  and  MBE 
CdTe.  The  surface  AFM  results,  from  the  annealed 
samples  with  CdTe  deposited  by  both  techniques,  are 
shown  by  perspective  (3D)  views  and  by  the  data  of 
the  section  analysis  in  Fig.  3.  Low  temperature  (250°C) 
annealing  results  are  shown  in  Fig.  3a  for  e-beam 
CdTe  and  in  Fig.  3b  for  MBE  CdTe.  If  becomes  evi¬ 
dent  that  even  the  low  temperature  annealing  caused 
significant  modification  in  the  surface  structure.  In  e- 
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beam  CdTe  the  formation  of  pit-type  defects  is  en¬ 
hanced;  the  film  becomes  more  pitted.  Section  analy¬ 
sis  showed  relatively  deeper  pits,  of  -150A  diameter, 
compared  to  as-deposited  sample  in  Fig.  2a.  In  con¬ 
trast,  the  MBE  CdTe  appears  reproducibly  a  higher 
density  film.  High  temperature  annealing,  shown  in 
Fig.  3c  for  e-beam  CdTe  and  in  Fig.  3d  for  MBE  CdTe, 
changes  the  microstructure  more  drastically  by  in¬ 
creasing  the  feature  size  in  both  types  of  CdTe;  pits  or 
irregularly  shaped  granular  features  of  ~1000A  in 
length  in  the  x-y  plane  are  typical.  E-beam  CdTe 
(Fig.  3c)  becomes  even  more  pitted,  while  MBE  CdTe 
(Fig.  3b)  remains  a  much  denser  film.  In  the  last  case, 
the  recrystallization  that  occurs  increases  the  size  of 
the  crystallites  without  inducing  pitting. 

Surface  preparation  of  HgCdTe  samples  induces 
changes  in  the  microstructure  of  CdTe  films  deposited 
by  both  techniques.  In  the  example  of  e-beam  CdTe, 
shown  in  Fig.  4,  all  the  deposition  conditions  were 
nominally  the  same  as  for  e-beam  sample  in  Fig.  2a, 
except  for  relatively  longer  ambient  exposure  to  air  (3 
vs  0.5  h).  The  data  show  increase  in  feature  size  and 
relatively  deeper  pits  compared  to  the  relatively 
shorter  time  (Fig.  2a).  Elongated  pits  of -1500A  long 
and  -200A  deep  (perhaps  due  to  coalescence  of  small 
pits  during  deposition)  were  observed.  The  decrease 
in  the  film  structural  quality  was  confirmed  by  elec¬ 
trically  short  MIS  devices  built  on  sample  shown  in 
Fig.  4  vs  MIS  built  on  samples  shown  in  Fig.  2  which 
were  electrically  good. 


Atomic  force  microscopy  analysis  revealed  that 
from  the  two  types  of  CdTe  films  that  were  inves¬ 
tigated,  CdTe  deposited  by  MBE  at  ~90°C  appears  to 
be  a  better  film  in  terms  of  density  and  annealing 


Fig.  4.  E-beam  CdTe  microstructure  depends  on  surface  preparation: 
AFM  perspective  view  (3D)  for  relatively  longer  ambient  exposure. 


a  b 

Fig.  5.  Compositional  depth  profiles  from  SIMS-Matrix  (Te)  reveal  the  dependence  of  the  interface  on  CdTe  characteristics:  (a)  SIMS  compositional 
profile  across  the  interface  for  e-beam  CdTe  (solid  line — as  deposited,  dashed  line — 250°C  anneal,  dotted  line — 430°C  anneal),  and  (b)  same  for 
MBE  CdTe. 
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Fig.  6.  Impurity  gettering  at  the  interface  was  observed  regardless  of  CdTe-deposition  techniques  and  annealing  conditions:  (a)  spikes  ot  various 
elements  determined  by  SIMS  for  e-beam  CdTe  (open  columns— as  deposited,  grey  columns— 250°C  anneal,  dark  columns— 430°C  anneal), 
(b)  same  for  MBE  CdTe. 


capability. 

Matrix  (Te)-SIMS 

Compositional  depth  profiles  across  the  CdTe/ 
HgCdTe  interface  are  determined  from  125Te-SIMS 
analytical  technique.6  In  this  technique,  the  ion  yield 
of  125Te-matrix  element,  taken  with  Cs-primary  ion 
beam,  is  in  a  linear  relationship  with  Cd  mole  frac¬ 
tion.  The  data  shown  in  Fig.  5  reveal  the  dependence 
of  the  interface  on  the  CdTe  thin  film  characteristics. 
In  the  as-deposited  CdTe/HgCdTe  samples,  a  signifi¬ 
cant  difference  is  noticed:  a  Te125  peak  occurs  at  the 
interface  in  e-beam  deposited  CdTe  case  (Fig.  5a — 
solid  line),  as  opposed  to  MBE  CdTe  (Fig.  5b — solid 
line),  which  is  flat.  This  feature  suggests  more  defects 
in  the  e-beam  CdTe/HgCdTe  interface,  possibly  Cd 
deficiency.  The  low  temperature  anneal  (250°C/10  h) 
seems  to  remove  125Te-  peak  from  the  e-beam  CdTe 
case  (Fig.  5a — dashed  line).  In  the  case  of  MBE  CdTe, 
no  significant  changes  are  observed  (Fig.  5b — dashed 
line).  High  temperature  anneal  (430°C/15  min)  causes 
a  significant  change  in  the  interface  for  both  cases.  In 
the  e-beam  CdTe  samples  (Fig.  5a — dotted  line), 
changes  occur  mainly  in  the  thin  CdTe  layer,  and  no 
significant  band  gap  change  in  HgCdTe  is  observed. 
Pitted  e-beam  CdTe  and  a  more  defective  interface 
cause  Hg  diffusion  into  CdTe,  but  no  Cd  diffusion  into 
HgCdTe  occurs  to  change  the  material  bandgap.  In 
the  MBE  CdTe  samples  (Fig.  5b — dotted  line),  a  clas¬ 
sical  interdiffusion  pr  ofile  was  observed  in  the  HgCdTe 
layer.  The  results  of  this  analysis  show  that  the 
diffusion  of  matrix  components  depends  on  deposition 
method;  CdTe  deposited  by  MBE  technique  at  90°C 
appears  to  be  more  predictable  in  terms  of  interdif¬ 
fusion  behavior,  and  therefore  it  can  be  designed  to 
shift  the  “electrical”  interface  deeper  than  the  initial 
defective  interface. 

SIMS-Impurity  Profiling 

Secondary  ion  mass  spectrometry  was  used  to  de¬ 
termine  the  impurity  content  at  the  CdTe/HgCdTe 
interface  and  in  the  CdTe  layer.  Several  elements 
were  depth-profiled  across  the  interface  by  using  both 
O-primary  ion  beam  (Li,  B,  In,  Ga,  Al,  Na,  K,  Ca,  Fe, 


Mn)  and  Cs-primary  ion  beam  (Si,  F,  Cl,  Br,  C,  0,  N, 

H,  Cu). 

Comparative  results  are  shown  in  Fig.  6  for  e-beam 
(Fig.  6a)  and  MBE  (Fig.  6b)  CdTe  for  all  three  condi¬ 
tions:  as-deposited  (open  columns),  low  temperature 
anneal  (250°C)  (grey  columns),  and  high  temperature 
anneal  (430°C)  (black  columns).  All  the  analyzed 
elements  exhibit  spikes  at  the  interface  in  both  cases. 
Some  spikes  were  very  high  and  saturated  the  elec¬ 
tron-multiplier,  which  implies  a  concentration  level 
in  the  range  of  (1-3)  x  lG20/cm3.  The  estimation  takes 
into  account  the  calibration  errors  of  high  levels  due 
to  electron  multiplier  saturation  and  matrix  effects  at 
the  interface.  Although  the  SIMS  detection  limit  is 
different  for  every  element,13  as  well  as  the  machine 
background  at  the  time  of  the  experiment,  each  men¬ 
tioned  spike  rose  well  above  the  background  level, 
and  therefore  the  shown  spike  concentration  is  real. 
Basically,  the  spike  concentrations  are  similar  in  both 
types  of  samples  for  all  the  sample  conditions.  The 
layer  coverage  can  be  calculated  either  by  integrating 
under  the  peak,  or  by  considering  an  average  thick¬ 
ness  of  the  peak  of 200-3 QOA  (the  sampling  period  for 
one  element).  In  the  later  case,  concentrations  in  the 
range  higher  than  1019/cm3  translate  into  a  full  mono- 
layer  coverage.  Lower  concentrations  correspond  to 
submonolayer  coverage.  Additional  data  (not  shown 
in  the  figure)  taken  from  samples  with  variation  in 
surface  preparation  indicate  lower  levels  of  some 
elements  (e.g.,  C,  O,  H,  N)  in  MBE  CdTe  films  by  ~2- 
3  orders  of  magnitude  vs  e-beam  CdTe.  The  results 
from  SIMS  analysis  indicate,  therefore,  that  regardless 
of  the  deposition  technique  of  CdTe  and  of  the  post¬ 
deposition  anneal,  the  impurity  spikes  at  the  inter¬ 
face  occur  and  that  the  levels  depend  on  how  the 
surface  is  prepared. 

The  ex  situ  surface  preparation  involves  handling, 
chemical  etching,  and  ambient  exposure  of  the  sample, 
which  are  potential  sources  for  the  impurities  getter  ed 
at  the  interface.  Higher  concentration  in  e-beam  CdTe 
in  some  cases  can  also  occur  after  the  anneal;  the 
interface  can  getter  impurities  from  the  background 
impurities  in  HgCdTe  layer,  and  from  the  CdTe  thin 
layer  (which  can  come  from  the  evaporation  process). 
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Fig.  7.  Spatial  distribution  of  impurity  spikes  at  the  interface  is  nonuniform  as  revealed  by  SIMS  fore-beam  CdTe:  (a)  Al-depth  profile — SIMS,  (b)  Al- 
imaging — SIMS. 


The  impurity  spikes  should  be  correlated  in  further 
experiments  with  the  density  of  the  fixed  charges  at 
the  interface. 

The  spatial  distribution  of  impurity  spikes  at  the 
interface  appears  to  be  spatially  nonuniform  as  re¬ 
vealed  by  SIMS  imaging  technique.  The  example  of  A1 
is  shown  in  Fig.  7  by  SIMS  depth  profiling  (Fig.  7a) 
and  by  SIMS  imaging  (Fig.  7b)  taken  in  a  depth  range 
of  600-900A  around  the  interface:  (1)  into  CdTe 
before  the  interface  (400-600A);  (2)  in  the  interface, 
and  (3)  beyond  the  interface  (200-300A)  toward  the 
HgCdTe  layer. 

The  regions  at  the  interface  with  high  concen¬ 
trations  of  impurities  may  act  as  sources  for  diffusion 
of  impurities  into  the  HgCdTe  layer.  The  consequences 
of  impurity  penetration  into  HgCdTe  may  be  very 
important.  When  band  gap  widening,  as  shown  in  the 
MBE-CdTe  case  (Fig.  5b),  is  deeper  than  the  impurity 
penetration,  then  the  interdiffusion  obtained  in  an¬ 
nealing  may  shift  the  HgCdTe  “electrical”  surface  in 
a  more  benign  region.  This  may  alleviate  problems 


associated  with  the  variability  in  chemical  etching 
and  surface  exposure  to  the  ambient.  However,  in 
some  cases,  impurity  penetration  is  deeper  than  com¬ 
positional  interdiffusion,  as  in  e-beam  CdTe  in  Fig. 
7a,  causing  defects  in  HgCdTe  layers.  An  example  is 
shown  by  A1  which  penetrates  into  HgCdTe  to  a  depth 
of  -0.2  pm  at  a  concentration  of  -1015/cm3. 

The  interaction  of  impurity  spikes  with  the  defects 
deserves  further  investigation.  From  the  high  concen¬ 
tration  regions  at  the  interface,  “short  circuit”  diffu¬ 
sion  of  impurities  can  occur  relatively  deeper  through 
channels  provided  by  structural  defects  in  the  mate¬ 
rial  and  eventually  reach  the  junction  region.  In  this 
case,  not  only  the  passivation  is  affected  by  the  impu¬ 
rities  at  the  interface,  but  the  bulk  junction  as  well. 

It  is  possible  to  obtain  a  clean  interface  in  a  double 
layer  structure.  The  results  from  an  LPE  double  layer 
in  situ  growth,  with  a  difference  in  x-value  from  -0.34 
in  the  cap  layer  to  -0.225  in  the  base  layer,  are 
presented  in  Fig.  8.  This  example  shows  no  gettering 
of  impurities  at  the  interface. 
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Fig.  8. 3  n  situ  grown  double  layer  structures  show  no  impurity  gettering — 
as  revealed  by  SIMS  impurity  depth  profiling. 

_  SUMMARY  AND  CONCLUSIONS  ~ 

Atomic  force  microscopy  reveals  differences  in  CdTe 
microstructure  due  to  deposition  technique  (MBE  at 
90°C  vs  E-Beam  at  room  temperature),  surface  prepa¬ 
ration,  and  post-deposition  annealing  conditions. 
Deposition  method  appears  to  affect  the  inter  diffu¬ 
sion  characteristics  of  the  matrix  components.  Inter¬ 
faces  exhibit  impurity  spikes  regardless  of  deposition 
technique  and  post  deposition  annealing.  Spatial  dis¬ 
tribution  of  impurities  at  the  interface  is  nonuniform. 


The  initial  surface  condition  appears  to  affect  the 
CdTe  characteristics.  Molecular  beam  epitaxy  CdTe 
deposited  at  90°C  appears  to  be  a  relatively  denser 
film,  more  thermally  stable,  and  to  have  a  predictable 
interdiffusion  behavior  in  the  post  deposition  an¬ 
neals. 
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Bake  Stability  of  Long-Wavelength  Infrared 
HgCdTe  Photodiodes 

A.  MESTECHKIN,  D.L.  LEE,  B.T.  CUNNINGHAM,  and  B.D.  MAC  LEOD 
Raytheon  Company,  Research  Division,  Lexington,  MA  02173 

The  bake  stability  was  examined  for  HgCdTe  wafers  and  photodiodes  with  CdTe 
surface  passivation  deposited  by  thermal  evaporation.  Electrical  and  electro- 
optical  measurements  were  performed  on  various  long-wavelength  infrared 
HgCdTe  photodiodes  prior  to  and  after  a  ten-day  vacuum  bakeout  at  80°C, 
similar  to  conditions  used  for  preparation  of  tactical  dewar  assemblies.  It  was 
found  that  the  bakeout  process  generated  additional  defects  at  the  CdTe/ 
HgCdTe  interface  and  degraded  photodiode  parameters  such  as  zero  bias 
impedance,  dark  current,  and  photocurrent.  Annealing  at  220°C  under  a  Hg 
vapor  pressure  following  the  CdTe  deposition  suppressed  the  interface  defect 
generation  process  during  bakeout  and  stabilized  HgCdTe  photodiode  perfor¬ 
mance. 

Key  words:  HgCdTe  photodiodes,  long-wavelength  infrared  (LWIR) 
detectors,  thermal  annealing 


INTRODUCTION 

Surface  passivation  of  HgCdTe  p/n  heterojunction 
photodiodes  by  thermal  evaporation  of  CdTe  has  the 
advantages  of  simple  operation,  excellent  run-to-run 
reproducibility,  and  low  capital  equipment  require¬ 
ment.  The  developed  and  implemented  passivation 
process  provides  bulk  defect  limited  photodiode  per¬ 
formance  with  an  excellent  RoA  product  at  77K  close 
to  the  diffusion  limit.1-3  However,  devices  passivated 
by  this  technique  have  a  tendency  to  degrade  after  an 
80°C,  240  h  vacuum  bakeout.  Analysis  shows  that 
defects,  possibly  electrically  active  Hg  vacancies, 
generated  by  the  bakeout  process  at  the  CdTe/HgCdTe 
interface  are  responsible  for  this  degradation.  This 
effect  has  been  eliminated  by  the  use  of  a  post¬ 
passivation  anneal  at  220°C  under  Hg  vapor  pressure 
which,  it  is  believed,  inhibits  the  generation  of  Hg 
vacancies. 

DEVICE  FABRICATION  AND  TESTING 
LPE  Grown  Photovoltaic  HgCdTe  Devices 

Heterojunction  photodiode  test  structures  were  fab¬ 
ricated  on  a  liquid  phase  epitaxy  (LPE)  grown  wafer 
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following  the  standard  process,  included  CdTe  passi¬ 
vation  deposition  with  substrate  at  room  tempera¬ 
ture.  A  second  portion  of  this  wafer  was  processed 
with  an  additional  Hg  anneal  after  passivation  step 
with  substrate  at  155°C.  This  wafer  consisted  of  an 
LPE  grown  In-doped  n-type  HgCdTe  layer  (1  x  1015 
cm-3  donor  concentration)  capped  by  a  1  pm  thick  p- 
type  layer  of  wider  bandgap  (x  =  0.300)  and  with  an 
acceptor  concentration  of  5  x  1017  cm-3.  The  cutoff 
wavelength  of  the  diodes  was  \  =  10.1  pm.  One  type 
of  test  die  consisted  of  variable  area  square  photo¬ 
diodes  with  mesa  side  lengths  varying  from  22  to  250 
pm.  Another  die  contained  a  mini-array  of  identical 
diodes  (22  pm  mesa-side).  A  metal  insulator  semicon¬ 
ductor  (MIS)  capacitor,  formed  by  a  500  x  200  pm  field 
plate  over  the  n-layer  with  the  CdTe  passivation  as 
the  insulator,  was  also  used  in  the  characterization. 

For  the  photodiodes,  DC  dark  current  measure¬ 
ments  were  performed  with  an  HP  4141B  DC  source/ 
monitor.  AC  photo-response  measurements  were  per¬ 
formed  using  an  Electro-Optical  Industries,  Inc. ,  black- 
body  radiation  source  (Model  WS143)  operated  at  a 
temperature  of  500K  and  chopped  at  a  frequency  of 
41.5  Hz.  The  signal  was  amplified  by  an  EG&G  114 
Signal  Conditioning  Amplifier  and  stored  with  a 
Tektronix  7854  digitizing  oscilloscope.  Spectral  re¬ 
sponse  was  performed  with  an  Optronics  Laborato- 
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Fig.  1 .  Standard  process  sequence.  Impedance  variation  after  bakeout 
240  h  at  80cC. 
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Fig.  2.  (a)  Standard  process  sequence.  Dark  current  l-V  curves  before 
and  after  240  h  bakeout  for  22  jim  (mesa-size)  diode,  and  (b)  dark 
current  l-V  curves  before  and  after  240  h  bakeout  for  125  gm  (mesa- 
size)  diode. 

ries  Inc.,  infrared  spectroradiometer  (Model  746-D). 
Capacitance-voltage  (C-V)  measurements  of  the  MIS 
devices  were  made  with  an  HP  4275  multi-frequency 
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Fig.  3.  Standard  process  squence.  Quantum  efficiency  and  collection 
distance  before  and  after  240  h  bakeout. 


Fig.  4.  Minority  carrier  lifetime  of  n  =  1  x  1 015  Xc  =  1 0.1  gm  LPE  grown 
HgCdTe  layers  passivated  with  thermally  evaporated  CdTe  before 
and  after  bakeout  at  80°C  for  240  h. 

LCR  meter. 

LPE  Grown  HgCdTe  N-Layer 

An  LPE-grown  n-type  HgCdTe  layer  on  CdTe  sub¬ 
strate  was  cleaved  into  four  pieces .  The  n-layer  was  20 
um  thick,  had  a  carrier  concentration  of  1  x  10 15  cm-3, 
a  calculated  Auger  lifetime  (xA  )  of  2.2  jus,  and  x  = 
0.215  (Hgl  xCdxTe).  The  piece, ‘part  “S”  (standard), 
was  passivated  with  5000A  of  CdTe  deposited  at  room 
temperature,2  and  then  prepared  for  bakeout  and 
measurement.  Part  “B”  underwent  the  same  passiva¬ 
tion  as  “S”  and  was  then  annealed  at  220°C  under  Hg 
vapor  after  the  CdTe  deposition.2  Part  “C”  was  an¬ 
nealed  after  the  CdTe  deposition  at  a  substrate  tem¬ 
perature  of  155°C  (“Hot”  CdTe).  Part  “D”  was  an¬ 
nealed  before  passivation. 

The  minority  carrier  lifetime  was  measured  by  the 
photoconductive  decay  technique  at  a  wavelength  of 
850  nm  using  Model  6020  Light  Pulse  Generator 
(Berkeley  Nucleonics  Corporation)  as  a  radiation 
source.  The  lifetime  values  reported  represent  the 
average  of  several  measurements  at  different  loca¬ 
tions  on  each  sample. 
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Bakeout  was  performed  in  a  vacuum  oven  at  80°C 
and  0.01  Torr  for  a  total  time  of  240  h.  A  full  set  of 
characterization  measurements  was  performed  be¬ 
fore  and  after  completion  of  the  bakeout.  All  measure¬ 
ments  were  performed  at  device  temperatures  from 
77  to  80K. 

EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

Devices  Fabricated  Without  Anneal 

The  zero-bias  impedance  under  dark  (0°  field  of 
view  [FOV])  conditions — one  of  the  most  important 
photodiode  parameters — decreased  after  bakeout  for 
small  area  diodes  but  increased  slightly  for  large 
diodes  (Fig.  1).  Under  strong  reverse  bias  (-400  mV), 
the  impedance  increased  after  bakeout  for  all  sizes  of 
diodes,  the  largest  increase  being  for  large  diodes.  The 
impedance  variation  is  defined  as  the  percentage 
change  in  impedance  from  its  initial  value  before 
bakeout  to  its  final  value  after  bakeout. 

Figure  2  shows  typical  results  for  0°  FOV  current- 
voltage  (I-V)  measurements  of  22  and  125  pm  diodes 
before  and  after  bakeout.  The  dark  current  is  ob¬ 
served  to  increase  for  small  diodes  (Fig.  2a)  mostly 
because  the  saturation  current  increased.  Both  I-V 


10-6  10'5  10*4  10'3 


Aj  (cm2) 

Fig.  5.  Standard  process  sequence.  R0Aopt  performance  as  a  function 
of  detector  junction  area  before  and  after  bakeout  for  240  h  at  80°C. 


Fig.  6.  CdTe  deposited  at  1 55°C  followed  by  a  Hg  anneal.  Impedance 
variation  after  bakeout  for  240  h  at  80°C. 


curves  have  almost  the  same  slope  before  and  after 
bakeout  for  biases  greater  than  3  to  5  kT/q  (35-40 
mV).  This  indicates  that  recombination  current  due 
to  bulk  defects  did  not  increase  after  bakeout.  Mean¬ 
while,  the  125  pm  diode  shows  defect-limited  behav¬ 
ior,  and  the  dark  current  after  bakeout  did  not  change 
significantly  (Fig.  2b).  There  is  no  sign  of  increased 
saturation  current  in  this  case. 

Analysis  of  the  chopped  blackbody  photodiode  re¬ 
sponse  measurements  for  variable  area  diodes  yields 
values  for  quantum  efficiency  and  the  lateral  collec¬ 
tion  distance.3  These  results  are  shown  in  Fig.  3 
where  QEAj  is  the  apparent  quantum  efficiency,  as¬ 
suming  the  optical  and  junction  area  are  equal,  and  is 
determined  by  equation: 

qe^VQE+a/QE 


where  A.  is  the  junction  area,  Lc  is  the  lateral  col¬ 
lection  distance,  which  is  the  distance  beyond  the 
junction  edge  from  which  photo-generated  carriers 
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Fig.  7.  (a)  CdTe  deposited  at  155°C  followed  by  a  Hg  anneal.  Dark 
current  I-V  curves  before  and  after  240  h  bakeout  for  28  pm  (mesa- 
size)  diode,  and  (b)  CdT e  deposited  at  1 55°C  followed  by  a  Hg  anneal. 
Dark  current  I-V  curves  before  and  after  240  h  bakeout  for  125  pm 
(mesa-size)  diode. 
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Fig.  8.  CdTe  depositd  at  155°C  followed  by  a  Hg  anneal.  Quantum 
efficiency  and  collection  distance  before  and  after  240  h  bakeout. 


Fig.  9.  CdTe  deposited  at  155°C  followed  by  a  Hg  anneal.  R0Aopt 
performance  as  a  function  of  detector  junction  area  before  and  after 
bakeout  for  240  h  at  80°C. 


are  collected.  This  equation  has  the  form  of  a  straight 
line  with  the  y-intercept  equal  to  the  actual  quantum 
efficiency  and  the  slope  proportional  to  the  lateral 
collection  distance.  Both  the  quantum  efficiency  and 
the  lateral  collection  distance  decreased  after  bakeout, 
as  seen  in  Fig.  3,  but  the  lateral  collection  distance 
(which  is  proportional  to  the  minority  carrier  lifetime) 
decreased  by  a  greater  amount  (more  than  a  factor  of 
two). 

To  confirm  that  a  lifetime  variation  is  responsible 
for  parameter  degradation  after  bakeout,  direct  life¬ 
time  measurements  were  performed  on  the  four  quar¬ 
ters  of  the  single  n-layer  wafer,  before  and  after 
vacuum  bakeout  for  240  h  at  80°C.  The  measurement 
results  shown  in  Fig.  4  show  a  significant  lifetime 
degradation  (more  than  a  factor  of  three)  after  bakeout 
for  the  sample  “S”  (standard  process  sequence),  a 
result  which  is  consistent  with  the  above  mentioned 
parameter  degradation. 

Because  dark  current  and  impedance  degradation 
were  sufficient  only  for  small  area  devices  where  the 
perimeter-to-area  ratio  is  very  high,  meaning  the 
diodes  are  highly  sensitive  to  surface  quality,  surface 


defect  generation  was  presumed  to  be  the  cause  of  this 
degradation. 

Analysis  of  the  R0  A  ..product  as  a  function  of  pho¬ 
todiode  junction  area  has  been  performed  to  deter¬ 
mine  if  surface  or  bulk  effects  are  responsible  for 
bakeout  degradation.4’5  As  seen  in  Fig.  5,  for  devices 
fabricated  using  the  standard  process,  diodes  which 
showed  bulk  defect  limited  performance  before  the 
bakeout  became  surface  limited  after  bakeout. 

Devices  Fabricated  with  Post-Passivation 
Anneal 

It  is  thought  that  some  kind  of  defect,  possibly  Hg 
vacancies,  is  being  generated  at  the  CdTe/HgCdTe 
interface  during  the  long-term  elevated  temperature 
bakeout.  To  prevent  the  incorporation  of  electrically 
active  Hg  vacancies,  a  post-passivation  anneal  under 
high  Hg  pressure  was  performed  for  both  the  single  n- 
layer  and  photodiode  test  structures.  Fabricated  de¬ 
vices  were  then  subjected  to  the  240  h  vacuum  bake  at 
80°C  and  measured. 

The  measurement  results  on  Hg  annealed  samples 
are  summarized  as  follows: 

0  For  the  photodiode  test  structures,  zero  and  re¬ 
verse  bias  impedance  (Fig.  6)  and  dark  current 
(Fig.  7)  did  not  degrade  for  all  size  diodes.  In  this 
case,  both  small  and  large  diodes  showed  the 
same  kind  of  performance. 

®  Quantum  efficiency  and  lateral  collection  dis¬ 
tance  (Fig.  8)  were  the  same  before  and  after 
bakeout. 

0  For  the  n-layer  samples  annealed  after  CdTe 
passivation  (“B”  and  “C”),  the  minority  carrier 
lifetime  did  not  change  after  bakeout  (Fig.  4). 
However,  the  part  of  the  wafer  annealed  before 
passivation  (“D”)  showed  the  same  lifetime  deg¬ 
radation  as  the  standard  process  part. 

0  For  the  photodiode  test  structures,  analysis  of 
the  R0Aopt  product  vs  photodiode  junction  area 
(Fig.  9)  confirmed  bulk  defect  limited  photodiode 
performance  both  before  and  after  bakeout. 

Thus,  it  was  confirmed  that  annealing  at  220°C 
under  Hg  vapor,  after  CdTe  passivation  deposition, 
suppressed  surface  defect  generation  and  significantly 
improved  the  bake  stability  performance. 

CONCLUSION 

It  was  found  that  defects  are  created  at  the  CdTe/ 
HgCdTe  (LPE-grown  with  n-layer  doping  of  1  x  1015) 
interface  during  a  240  h  bakeout  at  80°C  under 
vacuum  for  wafers  with  LWIR  photodiodes  passi¬ 
vated  by  a  technique  based  upon  thermal  evaporation 
of  CdTe.  These  defects  (which  are  believed  to  be 
electrically  active  Hg  vacancies)  degrade  the  minority 
carrier  lifetime,  as  well  as  photodiode  zero  bias  im¬ 
pedance,  dark  current  and  photo  response.  A  Hg 
anneal  treatment  after  CdTe  passivation  has  been 
shown  to  prevent  the  incorporation  of  electrically 
active  Hg  vacancies  and  significantly  improve  photo¬ 
diode  stability  for  bakeout  similar  to  conditions  used 
for  preparation  of  tactical  dewar  assemblies. 
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The  Relationship  Between  Lattice  Matching  and  Crosshatch 
in  Liquid  Phase  Epitaxy  HgCdTe  on  CdZnTe  Substrates 
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X-ray  topography  provides  a  very  sensitive  map  of  lattice  mismatch  between  a 
HgCdTe  LPE  epitaxial  layer  and  its  (111)  CdZnTe  substrate.  A  well-defined 
crosshatch  pattern  in  the  three  <110>  directions  indicates  a  positive  room- 
temperature  lattice  mismatch.  For  conditions  of  near-perfect  lattice  matching 
(±0.003%  mismatch),  the  crosshatch  pattern  disappears,  presumably  because 
there  are  few  or  no  misfit  dislocations  present  near  the  interface,  and  a  region 
free  of  topographic  contrast  is  observed.  The  crosshatch-free  region  occurs  for  a 
small  positive  room-temperature  mismatch  (about  0.02%);  this  is  attributed  to 
differences  in  the  lattice  matching  condition  at  room  temperature  and  the 
growth  temperature.  For  negative  mismatches,  where  the  film  is  in  tension,  a 
mosaic  pattern,  rather  than  a  crystallographically  oriented  crosshatch,  is 
observed  in  the  topograph.  Rocking  curve  full  width  at  half  maximum  of  the 
epitaxial  layer  is  minimized  in  the  crosshatch-free  zone  at  a  value  nearly  equal 
to  that  of  the  substrate.  Etch  pit  density  of  the  HgCdTe  layer  shows  a  strong 
minimum  for  perfect  room  temperature  lattice  matching,  with  values  as  low  as 
1  x  104  cnr2.  For  nearly  lattice  matched  layers,  crosshatch  is  present  throughout 
the  thickness  of  the  epitaxial  layer  except  for  a  narrow  graded-composition 
region  near  the  substrate  interface.  Crosshatch  contrast  appears  to  result  from 
long-range  strain  fields  associated  with  a  misfit  dislocation  network  near  the 
substrate  interface.  Spatial  variations  in  topographic  features  and  mismatch 
across  relatively  small  lateral  distances  are  caused  by  variations  in  substrate 
alloy  composition.  For  truly  lattice-matched  substrates,  better  control  over  the 
substrate  lattice  parameter  is  required. 

Key  words:  Lattice  matching,  mercury  cadmium  telluride,  x-ray  diffraction 


INTRODUCTION 

X-ray  diffraction  topographs  of  liquid  phase  epitaxy 
(LPE)  Hg078Cd022Te  epitaxial  layers  on  nominally 
lattice-matched  “Cd096Zn004Te  substrates  typically 
show  a  strong  threefold  symmetric  crosshatch  pat¬ 
tern  which  is  quite  different  from  the  mosaic  pattern 
seen  for  the  same  films  grown  on  CdTe  substrates. 


*  Presently  at  General  Instruments  Corp.,  Westbury,  NY 
(Received  October  4,  1994;  revised  April  10,  1995) 


The  crosshatch  is  not  visible  by  Nomarski  contrast 
optical  microscopy  and  does  not  correspond  to  any  x- 
ray  topographic  features  of  the  substrate.  In  addition, 
bands  completely  free  of  diffraction  contrast  some¬ 
times  appear  in  films  on  CdZnTe  substrates.  The 
objective  of  this  work  was  to  understand  how  these 
different  features  relate  to  lattice  matching  between 
the  epilayer  and  substrate.  The  approach  was  to 
directly  measure  lattice  mismatch  by  x-ray  rocking 
curves  and  relate  it  to  features  in  x-ray  topographs.  In 
addition,  epilayer  quality  as  measured  by  rocking 
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Fig.  1.  (a)  X-ray  topograph  of  double  layer  heterojunction  film  LD312F 
(246  reflection,  Lang  camera,  negative  contrast).  Full  wafer  image, 
2.0  x  2.5  cm.  (b)  Schematic  diagram  showing  the  various  regions  and 
the  location  of  the  rocking  curve  measurements. 


curve  width  and  etch  pit  density  has  been  related  to 
the  amount  of  mismatch. 

EXPERIMENTAL 

The  samples  reported  here  were  Hg0  78Cd022Te  epi¬ 
taxial  layers  about  18  pm  thick  grown  on  the  Te  face 
of  (111)  oriented  single  crystal  substrates  of  nominal 
composition  Cd0  9gZn?04Te.  The  HgCdTe  layers  were 
grown  by  Te-rich  liquid  phase  epitaxy  in  a  horizontal 
slider  system  at  approximately  5Q0°C.  In  one  case,  a 
heterojunction  sample  was  used  in  which  a  higher 
bandgap  layer,  1  pm  thick,  was  grown  by  LPE  in  a  Hg- 
rich  vertical  dipping  system.  The  substrates  were 
from  different  vendors,  grown  by  both  horizontal  and 
vertical  Bridgman  techniques,  and  were  2  cm  x  3  cm  x  1 
mm  in  size. 

X-ray  topography  measurements  were  made  on  two 
different  systems.  A  Lang  camera  from  Bede  Scien¬ 
tific  was  used  with  a  conventional  1.5  kW  Cu  x-ray 
source  at  Loral.  Reflection  mode  topographs  using  a 
(246)  reflection  were  recorded  on  Agfa  D7  x-ray  film. 
Prints  made  directly  from  the  negatives  (negative 
contrast;  white  =  highest  intensity)  are  reproduced 
here.  Synchrotron  white  beam  topographs  were  re¬ 


corded  at  the  Stony  Brook  Topography  Station  of  the 
National  Synchrotron  Light  Source  at  Brookhaven 
National  Laboratory.  The  technique  is  described  in 
Ref.  1.  Multiple  Laue  reflection  topographs  were 
recorded  on  Kodak  SR5  film.  Positive  prints  (black  = 
highest  intensity)  are  reproduced  here. 

X-ray  rocking  curve  measurements  of  lattice  mis¬ 
match  were  made  at  Loral  on  a  high-resolution 
diffractometer  from  Bede  Scientific  (Model  200) 
equipped  with  a  Si  (022)  channel-cut  collimator  (CCC), 
a  Si  ( 1 1 1)  monochromator  crystal  on  the  first  axis,  and 
a  100  mm  XY  sample  translation  stage  incorporating 
360  degree  rotation  about  the  specimen  surface  nor¬ 
mal.  The  CCC  and  monochromator  were  set  to  the 
maximum  of  the  Cu  Kcq  Bragg  peak.  The  x-ray  beam 
size  in  cross  section  was  2.6  x  0.4  mm  at  the  sample. 
For  samples  with  relatively  large  mismatches,  the 
(333)  reflection  was  used.  For  more  closely  spaced 
peaks,  reflections  with  larger  Bragg  angles  [(444), 
(246),  (535)]  were  used  for  better  resolution.  The 
HgCdTe  epitaxial  layers  were  too  thick  to  directly 
measure  a  substrate  diffraction  peak  for  mismatch 
measurements.  This  difficulty  was  overcome  by  etch¬ 
ing  off  the  epitaxial  layer  on  part  of  the  sample  and 
overlapping  the  x-ray  beam  with  the  epilayer  and 
substrate  at  the  etched  edge. 

Lattice  parameter  measurements  were  made  at 
Northrop-Grumman  using  the  Bond  method  on  an 
automated  Bartels  system  from  Blake  Industries 
using  the  Cu  Koq  (333)  reflection.  The  error  of  the 
measurements  was  +Q.0003A.  Absolute  lattice  pa¬ 
rameters  were  calibrated  with  various  bulk  single 
crystal  materials  including  CdTe,  HgTe,  and 
Hgo.8Cdo.2Te- 

Dislocation  etch  pits  were  created  usingthe  Hahnert 
and  Schenk  etch2  for  the  HgCdTe  layers  and  the 
Nakagawa  etch3  for  the  CdZnTe  substrate. 

RESULTS 

Correlation  of  Topographic  Crosshatching 
with  Lattice  Mismatch 

X-ray  topographs  of  our  HgCdTe  epitaxial  layers  on 
(111)  CdZnTe  substrates  typically  show  a  strong 
threefold  symmetric  crosshatch  pattern  with  cross- 
hatch  lines  running  in  the  three  equivalent  <110> 
directions.  This  is  consistent  with  other  published 
results.4-7  However,  on  some  layers  there  is  a  clear 
band  across  the  wafer  with  no  crosshatch,  while  on 
others  the  crosshatch  degrades  into  a  fine  scale  mo¬ 
saic  appearance  with  no  crystallographic  orientation. 
We  have  postulated  that  these  differences  in  topo¬ 
graphic  features  result  from  differences  in  lattice 
parameter  matching  between  the  epilayer  and  sub¬ 
strate.  Under  this  hypothesis,  the  clear  regions  are 
almost  exactly  matched,  the  crosshatched  regions  are 
slightly  mismatched,  and  the  mosaic  regions  are  more 
strongly  mismatched.  Supporting  evidence  comes  from 
topographs  of  layers  on  CdTe  substrates,  where  the 
mismatch  is  large  (0.3%)  and  a  mosaic  appearance  is 
always  observed. 
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In  this  experiment,  two  epitaxial  samples  were 
chosen  with  topographic  features  ranging  from  no 
crosshatch  to  strong  crosshatch  to  a  mosaic  structure 
in  different  parts  of  the  wafers.  X-ray  rocking  curves 
were  used  to  directly  measure  the  lattice  mismatch 
between  the  substrate  and  epilayer  in  the  various 
regions. 

The  first  sample  was  a  double  layer  heterojunction 
LPE  HgCdTe  wafer.  Figure  1  shows  its  x-ray  topograph 
and  a  schematic  diagram  illustrating  the  different 
contrast  features.  Topographs  of  this  sample  were 
measured  three  times:  as  an  n-type  base  layer  at 
Loral  and  at  the  Brookhaven  synchrotron,  and  as  a 
double  layer  heterojunction  at  Loral.  All  three  showed 
the  same  features;  there  were  no  significant  differ¬ 
ences  between  the  single  and  double  layer  topographs. 
A  narrow,  crosshatch-free  band  was  bordered  on  ei¬ 
ther  side  by  crosshatch  regions.  At  one  edge  of  the 
wafer,  the  crosshatch  graded  into  a  mosaic  structure 
with  no  obvious  orientation  features.  A  trench,  5  mm 
wide,  was  etched  down  to  the  substrate  to  allow 
rocking  curves  of  the  substrate  to  be  measured.  The 
trench  passed  through  the  different  topographic  re¬ 
gions  parallel  to  the  2  cm  direction  of  the  substrate. 
Rocking  curves  were  measured  at  the  edge  of  the 
trench  with  the  x-ray  beam  overlapping  both  the 
substrate  and  epilayers,  perpendicular  to  the  edge. 
The  location  of  the  measurements  is  shown  in  Fig.  1. 
This  allowed  the  mismatch  between  the  epilayer  and 
substrate  to  be  measured.  Rocking  curves  were  mea¬ 
sured  every  1  mm  across  the  sample  to  look  at  changes 
in  mismatch.  We  used  an  asymmetric  (246)  reflection 
which  gives  increased  sensitivity  to  small  values  of 
lattice  mismatch  relative  to  a  standard  (333)  reflec¬ 
tion.  The  in-plane  orientation  of  the  wafer  was  such 
that  the  beam  was  nearly  perpendicular  to  the  etched 
edge. 

Figure  2  shows  selected  rocking  curves  measured 
at  five  locations  across  the  wafer.  The  distance  in  mm 
(x)  is  indicated  for  each  curve,  with  the  center  of  the 
wafer  at  zero.  There  are  generally  three  peaks  in  each 
curve:  the  substrate  (marked  S),  the  base  layer  (marked 
B),  and  the  cap  layer  (marked  C).  The  identities  of  the 
peaks  were  verified  by  moving  the  beam  slightly  in 
the  y  direction  (into  or  out  of  the  trench)  and  observing 
the  relative  change  in  intensity  of  the  peaks.  The 
substrate  peak  is  to  the  right  of  the  base  peak  for 
negative  x  coordinates,  and  to  the  left  of  the  base  for 
positive  x,  with  overlapping  peaks  near  the  center  of 
the  wafer. 

In  Fig.  3,  the  peak  separation  is  shown  as  a  function 
of  position.  There  is  a  smooth  variation  across  the 
wafer.  A  linear  least  squares  line  indicates  that  zero 
peak  splitting  occurs  at  x  =  + 1  mm.  The  location  of  the 
no  crosshatch  region  is  also  indicated  in  the  figure. 
Unexpectedly,  it  does  not  correspond  to  the  zero  peak 
splitting  location. 

Assuming  that  the  epilayer  is  relaxed  (probably  a 
good  assumption  for  a  film  18  pm  thick),  we  can 
determine  the  lattice  mismatch  from  the  peak  split¬ 
ting.  From  the  relationship  m  =  -A0/tan  0,  where  the 


mismatch  m  is  defined  as  m = (aL-as)/ as ,  A0  is  the  peak 
splitting,  0  is  the  Bragg  angle,  and  aL  and  as  are  the 
lattice  parameters  of  the  layer  and  substrate,  we  find 
that  m/A0  =  -2.46E-6/s  for  the  (246)  reflection. 

Figure  3  also  shows  the  calculated  lattice  mismatch 
as  a  function  of  position.  The  mismatch  varies  by 
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Fig.  2.  Rocking  curves  measured  at  selected  locations  across  wafer 
LD31 F  (246  reflection).  B  =  base  layer  peak,  C  =  cap  layer  peak,  and 
S  =  substrate  peak. 


Fig.  3.  Separation  between  base  layer  and  substrate  rocking  curve 
peaks  as  a  function  of  position  across  wafer  LD312F.  Error  bars 
indicate  overlapping  peaks.  Additional  axes  show  the  corresponding 
lattice  mismatch  between  layer  and  substrate,  the  inferred  substrate 
lattice  parameter,  and  substrate  alloy  composition. 
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Fig.  4.  (a)  X-ray  topograph  of  single  layer  epitaxial  sample  LI576L  prior 
to  etching  to  reveal  the  substrate  (246  reflection,  Lang  camera, 
negative  contrast).  The  sample  was  broken  into  four  pieces,  one  of 
which,  at  bottom  left,  was  tilted  slightly  on  the  sample  holder  and  did 
not  diffract.  Dark  spots  in  the  upper  right  corner  are  residual  LPE  melt. 
The  interrupted  dark  horizontal  line  near  the  top  of  the  wafer  is  a 
mechanical  scratch,  (b)  Schematic  diagram  of  the  wafer  after  etching 
to  remove  part  of  the  epilayer.  The  size  of  the  x-ray  beam  is  to  scale. 


0.06%  across  the  2  cm  wafer.  This  is  caused  almost 
entirely  by  variations  in  Zn  composition  of  the  sub¬ 
strate;  we  know  from  Fourier  transform  infrared 
(FTIR)  transmission  measurements  that  the  HgCdTe 
composition  is  quite  uniform  laterally  (x  =  0.220  ± 
0.0004,  corresponding  to  a  lattice  parameter  variation 
of  2.6  x  1 0“4%). 

Assuming  that  the  base  layer  composition  near  the 
P/n  junction  is  the  same  as  that  measured  by  FTIR  for 
the  base  layer  prior  to  growth  of  the  P-type  cap  layer, 
and  knowing  the  lattice  parameters  of  CdTe  (6.4812A) 
and  HgTe  (6.460A),  we  calculate  the  lattice  param¬ 
eter  of  the  HgCdTe  base  layer  to  be  6.46466A.  (We 
neglect  the  change  in  composition  caused  by  meltback 
during  the  cap  layer  growth,  estimated  to  be  0.002  in 
x,  because  it  gives  o  a  negligible  change  in  lattice 
constant  of  0.00G04A.) 

From  the  measured  mismatch,  we  then  calculate 
the  lattice  parameter  of  the  CdZnTe  substrate  as  a 
function  of  position  (Fig.  3).  From  the  known  lattice 
parameters  of  CdTe  and  ZnTe  (6.1026A),  we  then 
calculate  the  composition  of  the  substrate  as  a  func- 
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Fig.  5.  Rocking  curves  measured  at  selected  locations  across  wafer 
LI576L  (444  reflection).  L  indicates  the  layer  peak  and  S  indicates  the 
substrate  peak. 

tion  of  position  (Fig.  3).The  substrate  composition 
variation  is  relatively  large,  1%  absolute,  across  the  2 
cm  dimension  of  the  substrate.  The  range  of  substrate 
compositions  corresponding  to  the  crosshatch-free 
zone,  on  the  other  hand,  is  less  than  0. 1  %. 

These  results  have  been  confirmed  for  a  second 
sample  on  a  CdZnTe  substrate  from  another  vendor. 
This  sample  was  a  single  epitaxial  layer,  18  pm  thick, 
with  x  =  0.217  ±0.0005  as  measured  by  Fourier  trans¬ 
form  infrared  transmission.  Figure  4a  shows  a  (246) 
reflection  topograph  of  the  sample,  which  was  broken 
into  four  pieces.  Fig.  4b  is  a  schematic  diagram  of  the 
sample .  A  no-crosshatch  band  runs  vertically  through 
the  sample  just  to  the  right  of  center.  Crosshatch  is 
observed  on  both  sides  of  the  clear  region,  but  it 
grades  into  a  mosaic  structure  near  the  left  edge  of  the 
sample.  The  epilayer  was  removed  in  the  top  part  of 
the  sample  by  wet  chemical  etching  to  reveal  the 
substrate.  The  x-ray  beam  was  positioned  to  overlap 
the  epilayer  and  substrate  normal  to  the  etched  edge 
as  shown  in  Figure  4b  and  stepped  across  the  sample 
left  to  right  to  measure  the  mismatch  profile. 

Figure  5  shows  (444)  rocking  curves  measured  at 
several  positions  across  the  sample.  Similar  to  the 
first  sample,  the  splitting  changed  smoothly  from 
positive  to  negative  with  position.  Figure  6  plots  the 
peak  splitting  as  a  function  of  position  across  the 
sample.  Two  sets  of  data  are  shown,  differing  by  a  180 
degree  rotation  of  the  sample.  This  was  done  to  check 
for  the  presence  of  tilt  between  the  (111)  planes  of  the 
epilayer  and  substrate;  within  experimental  accu¬ 
racy,  none  was  observed.  The  results  of  Fig.  6  are  very 
similar  to  those  of  Fig.  3  for  the  previous  sample. 
Namely,  the  crosshatch-free  zone  occurs  for  a  small 
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negative  peak  splitting,  there  are  crosshatch  regions 
on  both  sides  of  it,  and  a  mosaic  structure  is  observed 
for  positive  peak  splittings. 

To  directly  check  our  assumption  that  variations  in 
the  substrate  composition  cause  differences  in  mis¬ 
match,  lattice  parameter  measurements  were  made 
at  several  positions  across  the  sample  in  both  the 
substrate  and  epilayer.  The  results  in  Fig.  7  confirm 
that  the  major  variation  is  in  the  substrate  lattice 
parameter,  that  there  is  a  positive  mismatch  at  the 
no-crosshatch  location,  and  that  the  mismatch  be¬ 
comes  more  positive  in  moving  from  left  to  right 
across  the  sample.  One  unexpected  result  is  that  the 
epilayer  lattice  parameter  is  larger  than  the  pre¬ 
dicted  value  based  on  Vegard’s  law,  by  0.0011A.  The 
difference  is  more  than  the  accuracy  of  the  mea¬ 
surement  and  thus  appears  to  be  real. 

Figure  6  shows  the  measured  lattice  mismatch 
across  the  sample.  There  is  good  agreement  between 
the  rocking  curve  splittings  and  direct  lattice  param¬ 
eter  measurements.  These  results  are  again  in  good 
agreement  with  the  previous  sample  of  Fig.  3;  in 
particular,  the  lattice  mismatch  in  the  no-crosshatch 
zone  is  again  about  +0.02%. 

Figure  8  shows  the  results  in  terms  of  substrate 
lattice  parameter  and  ZnTe  mole  fraction  across  the 
sample.  The  rocking  curve  mismatch  measurements 
were  converted  to  substrate  lattice  parameters  using 
the  average  measured  lattice  parameter  of  the  epilayer, 
shown  in  the  figure.  Again,  there  is  good  agreement  in 
substrate  lattice  parameters  between  the  rocking 
curve  splitting  and  direct  lattice  parameter  mea¬ 
surements.  Similar  to  the  first  sample,  there  is  about 
a  1%  absolute  composition  variation  across  the  sub¬ 
strate.  Figure  8  shows  that  the  no-crosshatch  zone  in 
the  x-ray  topograph  occurs  for  a  very  narrow  range  of 
substrate  compositions,  less  than  0.1%. 


Distance  from  sample  edge  (mm) 


Fig.  6.  Separation  between  epilayer  and  substrate  rocking  curve  peaks 
as  a  function  of  position  across  wafer  LI576L.  Error  bars  indicate  the 
region  of  overlapping  peaks.  Lattice  mismatch  is  shown  on  the  right 
axis,  both  calculated  from  (444)  rocking  curve  splitting  and  measured 
directly  from  epilayer  and  substrate  lattice  parameters. 


Effect  of  Lattice  Mismatch  on  Epilayer  Quality 

In  addition  to  topographic  contrast  differences,  we 
observed  significant  variations  of  the  epilayer  rocking 
curve  full  width  at  half  maximum  (FWHM)  and  etch 
pit  density  across  the  samples.  Figure  9  shows  that 
the  epilayer  FWHM  reached  a  minimum  in  the  no¬ 
crosshatch  zone,  close  to  the  FWHM  of  the  substrate. 
The  substrate  FWHM,  on  the  other  hand,  did  not  vary 
significantly  across  the  sample.  It  is  interesting  to 
note  that  the  FWHM  appears  to  saturate  for  large 
mismatch  values.  The  FWHM  values  are  about  the 
same  for  large  positive  or  negative  mismatch,  despite 
the  difference  in  topographic  features  (crosshatch  in 


Distance  from  sample  edge  (mm) 

Fig.  7.  Direct  lattice  parameter  measurements  of  the  substrate  and 
epilayer  of  wafer  LI576L  using i  the  Bond  method.  The  measured  points 
were  about  2  mm  on  either  side  of  the  etch  line. 


Fig.  8.  Substrate  lattice  parameter  as  a  function  of  position  across 
sample  LI576L.  ZnTe  mole  fractions  are  inferred  from  the  lattice 
parameter. 
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Fig.  9.  Variation  of  rocking  curve  FVVHM  and  etch  pit  density  across 
sample  L1576R.  FWHM  measurements  were  made  3  mm  above  and 
below  the  etched  edge;  EPD  was  measured  just  below  the  etched 
edge. 
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Fig.  10.  Correlation  between  HgCdTe  epilayer  rocking  curve  FWHM 
and  degree  of  lattice  matching  with  the  CdZnTe  substrate  for  a  range 
of  samples.  The  epilayers  ail  have  x  ~  0.22  but  were  grown  on 
substrates  with  different  compositions,  including  CdTe.  Lines  through 
the  data  points  are  intended  only  to  guide  the  eye. 
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Fig.  1 1 .  (a)  X-ray  topograph  of  HgCdTe  epilayer  before  etching,  (b)  x~ 
ray  topograph  of  step-etched  epilayer,  and  (c)  schematic  of  structure 
showing  epi  thickness  profile.  (246  reflection,  Lang  camera,  negative 
contrast). 


one  case,  mosaic  in  the  other).  It  is  also  interesting 
that  the  region  of  improved  FWHM  is  considerably 
wider  (±0.02%  mismatch)  than  the  region  of  no  visible 
contrast  (±0.003%  mismatch).  This  is  consistent  with 
an  observed  gradual  increase  in  the  density  and 
intensity  of  crosshatch  contrast  outside  the  no-cross- 
hatch  zone,  rather  than  an  abrupt  transition. 

We  note  that  the  FWHM  values  in  Fig.  9  were 
sensitive  to  the  beam  size,  the  chosen  reflection,  and 
instrument  resolution,  and  therefore  should  not  be 
used  as  an  absolute  measure  of  material  quality. 
Using  a  smaller  beam  (0.4  x  1.3  mm)  and  the  (333) 
reflection,  FWHM  values  of  17  s  were  measured  for 
the  substrate  in  the  same  apparatus.  This  is  close  to 
the  instrument  resolution  of  13  s  imposed  by  beam 
divergence  with  a  two-bounce  channel  cut  collimator. 
In  the  Northrop-Grumman  diffractometer  with  a 
smaller  beam  (0.3  x  1.0  mm)  and  a  four-bounce  Bartels 
monochromator,  (333)  FWHM  values  of  10  s  for  the 
substrate  and  17  s  for  the  HgCdTe  layer  were  mea¬ 
sured  in  the  no-crosshatch  zone.  These  are  equivalent 
to  the  best  values  reported  in  the  literature. 

To  correlate  dislocation  density  with  the  topographic 
features,  etch  pit  density  (EPD)  measurements  of  the 
epilayer  were  made  using  the  Hahnert  and  Schenk 
etch.  Figure  9  shows  the  correlation  of  EPD  with 
lattice  mismatch  and  topographic  features.  The 
epilayer  EPD  reached  a  minimum  of  (1-2)  x  104  cm™2 
near  the  zero  mismatch  condition,  five  to  ten  times 
lower  than  for  a  positive  mismatch  of  0.04%.  Interest¬ 
ingly,  the  crosshatch-free  zone  did  not  correspond  to 
the  region  of  minimum  EPD. 

To  explore  the  effects  of  lattice  mismatch  for  a  wider 
range  of  substrate  compositions,  rocking  curve  mis¬ 
match  measurements  were  made  on  a  set  of  epilayers 
on  different  CdZnTe  substrates  with  different  alloy 
compositions.  The  x-ray  beam  overlapped  both  sub- 
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strate  and  epilayer  at  an  etched  step,  and  the  same 
(333)  rocking  curve  was  used  to  measure  mismatch 
and  FWHM  of  the  peaks.  Figure  10  shows  a  strong 
correlation  between  epilayer  quality,  as  measured  by 
the  rocking  curve  FWHM,  and  lattice  matching.  A 
minimum  in  epilayer  FWHM  was  observed  near  the 
lattice  matched  condition.  This  agrees  with  the  previ¬ 
ous  results  for  sample  LI576L,  also  shown  in  Fig.  10. 
Also  in  agreement  with  earlier  results,  the  epilayer 
FWHM  is  nearly  constant  away  from  the  lattice- 
matched  condition,  whether  the  mismatch  is  positive 
or  negative,  even  for  CdTe  substrates.  The  most 
closely  matched  sample  in  Fig.  10  had  an  epilayer 
FWHM  of  24  s,  very  close  to  that  of  its  substrate  (22 
s).  It  can  be  seen  that  the  substrates  all  had  a  FWHM 
of  about  20  s,  so  substrate  quality  is  high  and  sub¬ 
strate  variations  are  not  responsible  for  the  differ¬ 
ences  in  epilayer  quality.  (Again  recall  that  x-ray 
beam  divergence  in  our  setup  limits  the  minimum 
measurable  FWHM  to  13  arc-s  even  for  a  perfect  Si 
wafer). 

X-ray  topographs  were  also  measured  on  these 
samples.  The  features  were  consistent  with  the  re¬ 
sults  of  the  secton  on  correlation  of  topographic  cross- 
hatching  with  lattice  mismatch  above.  Namely, 
samples  with  a  negative  mismatch  had  a  mosaic 
structure,  those  with  a  positive  mismatch  were 
strongly  crosshatched,  and  the  most  closely  lattice 
matched  sample  had  weak  or  no  crosshatch.  Etch  pit 
density  measurements  of  the  epilayers  on  CdZnTe 
substrates  ranged  from  1  to  2  x  105  cm-2  with  no 
apparent  dependence  on  mismatch  or  substrate  EPD. 
Substrate  EPD  values  were  lower  than  those  of  the 
epilayers,  ranging  from  1  to  7  x  104  cm'2.  None  of  the 
samples  from  this  group  were  exactly  lattice  matched 
(zero  peak  splitting),  so  the  sharp  minimum  in  EPD  of 
Fig.  9  was  not  observed. 

Depth  Distribution  of  Crosshatch 

Two  experiments  were  conducted  to  understand 
the  origin  of  the  crosshatch  pattern.  In  the  first,  an 
epilayer  with  known  crosshatch  was  step-etched  to 
leave  regions  with  epi  thicknesses  ranging  from  5  to 
18  microns .  Figure  1 1  shows  topographs  of  the  sample 
before  and  after  etching  and  a  schematic  diagram  of 
the  sample.  It  can  be  seen  that  the  crosshatch  extends 
throughout  the  thickness  of  the  layer,  to  within  five 
microns  from  the  substrate.  F or  the  thinnest  region  in 
Fig.  11,  the  diffracted  intensity  is  reduced  relative  to 
the  other  regions  (darker  image).  One  reason  is  be¬ 
cause  the  epi  rocking  curve  is  broader  in  the  region 
closest  to  the  substrate.  Figure  12  shows  the  rocking 
curve  FWHM  as  a  function  of  the  remaining  epi 
thickness.  Figure  12  also  shows  etch  pit  density  as  a 
function  of  thickness;  one  possible  cause  of  broadened 
rocking  curves  is  a  higher  dislocation  density  near  the 
interface.  However,  the  data  indicate  that  the  disloca¬ 
tion  density  is  relatively  constant  with  depth.  An¬ 
other  reason  for  reduced  diffracted  intensity  of  the 
crosshatch  in  the  thinnest  region  is  that  the  cross- 
hatch  does  not  extend  all  the  way  to  the  interface;  as 
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described  below,  crosshatch  is  absent  in  the  graded 
composition  region  near  the  interface.  In  agreement 
with  that  finding,  a  subsequent  etch  of  this  sample  to 
reduce  the  epi  thickness  resulted  in  thin  epi  islands 
with  no  crosshatch. 

It  was  also  found  that  the  crosshatch  pattern  could 
be  observed  with  a  Nomarski  optical  microscope  in 
the  most  deeply  etched  region,  but  not  in  the  thicker 
epilayers.  This  is  possibly  due  to  a  slight  preferential 
etching  of  the  strained  crosshatch  lines.  Etch  pits 
produced  by  the  Hahnert  and  Schenk  etch  did  not  line 
up  preferentially  on  the  visible  crosshatch  lines,  even 
close  to  the  interface,  but  appeared  to  be  randomly 
distributed.  This  agrees  with  our  observation  that 
etch  pits  at  the  surface  of  full-thickness  films  are 
randomly  distributed  and  do  not  line  up  with  the 
<110>  directions  of  the  crosshatch  lines.  It  shows  that 
the  x-ray  diffraction  contrast  is  not  due  primarily  to 
the  presence  of  threading  dislocations  in  the  cross- 
hatch  lines. 
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Fig.  12.  Epilayer  FWHM  and  EPD  as  a  function  of  remaining  epi 
thickness  for  the  step-etched  sample. 


Fig.  1 3.  Synchrotron  reflection  topograph  of  an  angle  lapped  HgCdT e 
epilayer  on  a  CdZnTe  substrate  (422  reflection,  positive  contrast). 
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Fig.  14.  (a)  Diagram  of  angle  lapped  HgCdTe/CdZnTe  sample  showing  analysis  area,  (b)  composition  profile  of  angle  lapped  sample  from  x-ray 
microprobe  analysis,  and  (c)  precision  lattice  parameter  profile. 


Table  I.  Summary  of  Lattice-Matching  Conditions 
at  Room  Temperature  and  the  Growth 
Temperature  for  x  =  0.22  HgCdTe  on  CdZnTe 


Value  at 

Value  at 

Parameter 

27°C 

490°C 

CdTe  a0  (A) 

6.4812 

6.4969 

HgTe  a0  (A) 

6.4600 

6.4756 

ZnTe  a0  (A) 

6.1026 

6.1280 

Hg0  7SCd0  22Te  a0  (A) 

6.4647 

6.4803 

y  in  lattice-matched 

Cd1_vZnvTe 

4.37% 

4.49% 

Note:  Assumed  thermal  expansion  coefficients  are  5.23  x  10-6  for 
CdTe9  and  HgTe  and  9.0  x  IQ-6  for  ZnTe.10 


To  investigate  the  near-interface  region  in  more 
detail,  synchrotron  topography  of  angle  lapped 
epilayers  deposited  on  CdZnTe  as  well  as  CdTe  sub¬ 
strates  was  employed.  Figure  13  shows  a  (422)  reflec¬ 
tion  topograph  of  an  angle  lapped  x  =  0.228  HgCdTe 
epilayer  on  a  CdZnTe  (lll)B  substrate.  The  lower 
left-hand  portion  of  the  image  reveals  the  underlying 
substrate.  A  wavy  band  of  darker  contrast  (higher 
diffracted  intensity)  with  no  crosshatching  marks  the 
beginning  of  the  HgCdTe  epilayer.  The  crosshatching 
is  seen  to  begin  1.3  mm  from  the  beginning  (interface) 
of  the  layer,  corresponding  to  a  film  thickness  of  2  pm 
at  this  lapping  angle.  The  crosshatching  then  persists 
to  the  upper  right  hand  corner  of  the  film  where  it 
reaches  a  thickness  of  15.4  pm.  Grazing  x-ray  incident 
angle  topographs  with  sub-micrometer  surface  pen¬ 
etration  also  show  this  crosshatching,  which  indi¬ 
cates  that  this  feature  extends  to  the  epilayer  surface. 
The  border  of  the  HgCdTe  was  confirmed  optically  as 
well  as  with  FTIR  microscopy  and  x-ray  microprobe 
measurements.  Figure  14b  shows  wavelength  disper¬ 
sive  spectrometry  measurements  on  the  angle  lapped 
sample.  Compositional  measurements  as  a  function 
of  position  across  the  interface  show  a  graded  region 
with  a  sharp  rise  in  Hg  content  beginning  at  the 
HgCdTe  border  and  extending  2  pm  into  the  epilayer. 
The  crosshatching  begins  as  the  composition  levels  off 
toward  the  nominal  layer  value.  We  obtained  similar 
results  with  a  HgCdTe  epilayer  grown  on  a  lattice 
unmatched  CdTe  substrate.  What  was  a  threefold 
crosshatching  for  the  lattice  matched  substrate  ap¬ 
peared  random  for  the  epilayer  on  CdTe,  but  a  con¬ 


trast-free  region  in  the  epilayer  appeared  again  at  the 
interface. 

Figure  14c  shows  precision  lattice  parameter  mea¬ 
surements  of  the  angle  lapped  sample.  The  difference 
in  lattice  parameter  at  the  interface  is  +0.07%.  This 
substrate/epilayer  combination  is  clearly  not  lattice 
matched  at  the  interface.  Moreover,  the  lattice  pa¬ 
rameter  for  the  lapped  sample  at  its  maximum  thick¬ 
ness  (16  pm)  is  higher  than  expected  for  x  =  0.22 
HgCdTe.  This  higher  than  expected  lattice  parameter 
of  the  HgCdTe  layer  was  confirmed  on  another  sample 
of  similar  thickness  which  had  not  been  angle  lapped 
and  also  on  the  second  sample  of  the  section  on 
correlation  of  topographic  crosshatching  with  lattice 
mismatch.  The  reason  for  this  is  not  fully  understood 
and  requires  further  work. 

DISCUSSION 

These  results  support  the  hypothesis  that  the  pres¬ 
ence  or  absence  of  crosshatch  is  related  to  lattice 
mismatch  between  the  CdZnTe  substrate  and  HgCdTe 
epilayer.  Crosshatch  is  observed  for  positive  lattice 
mismatch  (epilayer  lattice  parameter  larger  than 
that  of  the  substrate,  causing  in-plane  compression  of 
the  epilayer).  When  the  epilayer  lattice  parameter  is 
smaller  than  that  of  the  substrate  (negative  mis¬ 
match,  or  in-plane  tension  of  the  epilayer),  the  cross- 
hatch  changes  into  a  mosaic  structure  similar  to  that 
seen  for  epilayers  on  CdTe  substrates  (even  larger 
negative  mismatch).  One  intriguing  feature  is  that 
the  narrow  band  free  of  topographic  contrast  does  not 
correspond  to  the  case  of  zero  mismatch,  as  had  been 
expected,  but  rather  to  a  small  positive  mismatch  of 
about  0.02%.  Several  possible  explanations  have  been 
considered  for  this  discrepancy.  The  first  is  that  the 
critical  mismatch  is  between  the  substrate  and  the 
bottom  of  the  epilayer,  not  between  the  substrate  and 
the  surface  of  the  epilayer,  as  we  have  measured  here. 
There  is  a  Cd/Hg  composition  gradient  in  the  film, 
particularly  near  the  interface,  so  the  lattice  match¬ 
ing  condition  could  be  different  at  different  depths. 
Misfit  dislocation  networks,  the  probable  source  of 
crosshatch,  are  created  during  the  initial  stages  of  epi 
growth  when  the  layer  thickness  exceeds  a  critical 
value,  so  that  the  interface  composition  may  be  more 
relevant  than  the  surface  composition.  However,  this 
argument  goes  the  wrong  way  to  explain  the  data. 


The  Relationship  Between  Lattice  Matching  and 
Crosshatch  in  LPE  HgCdTe  on  CdZnTe  Substrates 

Referring  to  Fig.  7,  we  would  need  a  smaller  epilayer 
lattice  parameter  to  match  the  substrate  in  the  region 
of  no  crosshatch.  However,  the  Cd  composition  gradi¬ 
ent  gives  a  higher  x  near  the  interface,  and  therefore 
a  larger  lattice  parameter.  There  is  also  some  in¬ 
diffusion  of  Zn  into  the  film  which  would  reduce  the 
lattice  parameter  near  the  interface.  However,  this 
explanation  is  inconsistent  with  the  lattice  param¬ 
eter  profile  of  Fig.  14c,  which  shows  an  increased 
lattice  parameter  near  the  interface.  An  alternate 
explanation  is  that  misfit  dislocation  generation  is 
determined  by  the  lattice  mismatch  at  the  growth 
temperature,  and  not  at  room  temperature,  as  we 
have  measured.  This  explanation  requires  different 
thermal  expansion  coefficients  for  the  layer  and  sub¬ 
strate.  In  particular,  a  larger  thermal  expansion 
coefficient  for  the  substrate  would  give  results  quali¬ 
tatively  in  agreement  with  the  observed  data.  Al¬ 
though  the  thermal  expansion  coefficients  of  HgCdTe 
and  CdZnTe,  particularly  near  the  growth  tempera¬ 
ture,  are  not  known  well  enough  to  rigorously  test  this 
idea,  we  can  make  a  rough  calculation  based  on 
reasonable  assumptions. 

Table  I  summarizes  a  calculation  of  lattice  match¬ 
ing  conditions  at  room  and  growth  temperatures 
using  thermal  expansion  coefficients  for  CdTe  and 
ZnTe  measured  at  200°C,  an  assumption  of  equal 
expansion  coefficients  for  CdTe  and  HgTe  (based  on 
room  temperature  results),  and  linear  interpolations 
of  lattice  parameters  and  expansion  coefficients  for 
the  ternary  alloys.  The  larger  expansion  coefficient 
for  ZnTe  relative  to  CdTe  and  HgTe  does  lead  to  a 
slightly  larger  ZnTe  mole  fraction  for  lattice  matching 
at  higher  temperatures,  which  goes  in  the  right  direc¬ 
tion  to  explain  the  data.  The  calculated  result  ex¬ 
plains  only  about  half  of  the  measured  discrepancy, 
but  there  is  considerable  uncertainty  in  the  expan¬ 
sion  coefficients,  especially  at  the  growth  tempera¬ 
ture.  We  note  that  Basson  and  Booyens8  predicted 
this  effect  in  1983;  their  calculations  overestimate  the 
discrepancybecause  different  thermal  expansion  coef¬ 
ficients  were  used. 

If  the  crosshatch-free  band  represents  the  lattice- 
matched  condition  at  the  growth  temperature,  why 
doesn’t  it  also  coincide  with  the  minimum  in  etch  pit 
density?  Etch  pits  reveal  threading  dislocations  pass¬ 
ing  through  the  epilayer,  as  opposed  to  misfit  disloca¬ 
tions  which  are  in  the  plane  of  the  film  near  the 
interface.  The  two  are  different  and  may  have  differ¬ 
ent  origins.  (We  have  never  observed  etch  pits  prefer¬ 
entially  lining  up  with  crosshatch  lines.)  It  is  possible 
that  threading  dislocations  are  generated  or  redi¬ 
rected  by  strains  in  the  layer  as  it  cools  from  the 
growth  temperature.  If  the  net  strain  is  minimized 
where  the  epilayer  and  substrate  are  lattice  matched 
at  a  given  temperature,  and  the  lattice  matching 
condition  changes  as  a  function  of  temperature  be¬ 
cause  of  thermal  expansion  differences,  then  the 
region  of  minimum  EPD  could  be  different  than  the 
region  of  no  misfit  dislocations.  The  coincidence  of  the 
minimum  EPD  with  zero  room  temperature  lattice 
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mismatch  would  be  consistent  with  this  picture  if 
dislocations  are  mobile  at  temperatures  approaching 
room  temperature. 

If  we  assume  that  the  crosshatch-free  band  rep¬ 
resents  the  lattice  matched  condition  at  the  growth 
temperature,  it  is  clear  that  only  a  very  small  region 
of  the  film  meets  this  condition.  In  the  two  samples 
examined  in  detail  here,  the  crosshatch-free  band  was 
only  1  to  2  mm  wide.  The  relatively  large  variation  in 
Zn  composition  across  the  substrate  is  the  problem. 
From  the  width  of  the  crosshatch-free  band,  we  can 
estimate  that  the  substrate  composition  must  be 
within  ±0.04%  (absolute)  of  the  lattice-matched  com¬ 
position  to  show  no  crosshatch.  Substrates  fabricated 
by  present  processes  are  not  able  to  meet  this  condi¬ 
tion  over  large  areas  because  of  Zn  segregation  during 
bulk  CdZnTe  crystal  growth.  “Lattice-matched” 
CdZnTe  substrates  are  a  misnomer  except  over  very 
small  areas. 

Insight  into  the  nature  of  the  crosshatch  contrast 
has  been  gained  from  the  depth  distribution  study. 
The  fact  that  the  crosshatch-free  region  near  the 
interface  corresponds  to  the  compositionally  graded 
region  between  substrate  and  epilayer  is  in  good 
agreement  with  earlier  transmission  electron  micros¬ 
copy  (TEM)  results  showing  that  misfit  dislocations 
in  MCT  on  CZT  occur  after  most  of  the  compositional 
grading  in  the  epilayer.11  It  is  also  in  good  agreement 
with  published  etch  pit  studies  of  HgCdTe  epilayer 
cross  sections,7’12’13  verified  in  our  laboratory,  which 
show  high  etch  pit  densities  in  the  epilayer  starting 
some  distance  from  the  interface.  This  is  evidence 
that  the  crosshatch  is  associated  with  misfit  disloca¬ 
tions,  since  it  occurs  only  above  the  band  of  misfit 
dislocations. 

The  conventional  view  of  misfit  dislocations  at 
heterojunctions  is  usually  predicated  on  the  assump¬ 
tion  of  binary  layer  components  with  negligible  inter¬ 
mixing  at  the  interface.  The  fact  that  we  have  Hg-Cd 
interdiffusion  and  Zn  outdiffusion  into  the  epilayer  at 
relatively  high  growth  temperatures  (=500°C)  results 
in  ternary  and  quaternary  composition  components 
at  a  graded  interface.  The  lattice  parameter  does  not 
necessarily  follow  a  simple  increasing  or  decreasing 
trend  as  the  interface  is  crossed.  Utke  et  al.7  have 
shown  that  a  variety  of  strain  distributions  can  occur 
in  HgCdTe  deposited  on  CdTe  and  CdZnTe  sub¬ 
strates.  Strain  maxima,  and  consequently  regions  of 
high  dislocation  density,  can  occur  away  from  the 
interface  depending  on  atomic  sizes  and  atomic  diffu¬ 
sion  coefficients.  For  the  case  of  HgCdTe  on  CdZnTe, 
Utke  et  al.7  demonstrated  that  the  stress  maximum 
moved  away  from  the  interface  and  into  the  layer,  in 
agreement  with  our  observations. 

For  conventional  epitaxial  growth  with  negligible 
intermixing,  misfit  dislocations  are  formed  when  a 
critical  thickness  is  exceeded,  the  critical  thickness 
depending  on  the  amount  of  mismatch.  Cohen-Solal 
et  al.14  recently  presented  a  simple  universal  model  of 
critical  thickness,  wherein  the  critical  thickness  tc  is 
given  by  tc  =  0. 15  rrr3/2,  where  m  is  the  mismatch.  This 
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model  was  shown  to  fit  experimental  data  for  CdTe  on 
CdZnTe  in  particular,  as  well  as  other  materials 
systems,  and  so  may  be  relevant  here.  This  model 
predicts  that  the  critical  thickness  would  equal  our 
LPE  layer  thickness  for  a  mismatch  of  0.02%.  In  other 
words,  the  layer  should  be  free  of  misfit  dislocations 
for  a  mismatch  range  of  ±0.02%.  As  seen  in  Fig.  9,  the 
region  showing  no  crosshatch  in  x-ray  topographs  is 
narrower  than  this  (±0.003%),  although  the  width  of 
the  region  with  improved  FWHM  is  comparable. 

What  causes  the  crosshatch  contrast?  The  misfit 
dislocation  network  near  the  substrate  interface  is 
too  far  below  the  epilayer  surface  to  be  directly  im¬ 
aged  by  x-ray  topography.  Penetration  depths  of  the 
x-rays  are  much  less  than  the  film  thickness.  Etch  pit 
studies  have  shown  that  threading  dislocations  do  not 
preferentially  line  up  on  the  crosshatch  lines,  so  that 
threading  dislocations  are  not  the  cause  of  the  cross- 
hatch  contrast.  It  appears  that  x-ray  crosshatch  is 
rather  caused  by  long-range  strain  fields  associated 
with  misfit  dislocations  near  the  interface  running  in 
the  three  <110>  directions.  The  fact  that  these  strain 
fields  can  be  observed  so  far  from  their  point  of  origin 
is  somewhat  surprising.  This  may  indicate  a  clump¬ 
ing  of  the  misfit  dislocations  to  enhance  the  strain 
field,  or  a  strain  field  interference  effect  between  the 
many  closely  spaced,  parallel  misfit  dislocations. 

One  anomalous  result  of  this  work  is  the  higher 
than  expected  lattice  parameter  of  the  Hg0  78Cd()  99Te 
epitaxial  layers.  The  measurements  appear  reliable 
because  single  crystal  reference  standards  gave  the 
expected  lattice  parameters.  In  particular,  a  (111) 
bulk  HgCdTe  sample  from  Cominco  with  x  =  0.206  by 
FTIR  cutoff  had  a  measured  lattice  parameter  of 
6.4640A,  close  to  6.4644A  calculated  by  Vegard’s  law. 
The  expected  error  of  the  measurement  (0.0003A)  is 
considerably  smaller  than  the  apparent  discrepancies 
of  0.001 1A  in  Fig.  7  and  0.0024A  in  Fig.  14c.  One 
explanation  is  that  films  grown  under  Te-rich  condi¬ 
tions  may  have  larger  lattice  parameters  due  to 
nonstoichiometry.  There  is  some  data  to  support  a 
variation  of  lattice  parameter  with  stoichiometry.15 
However,  Carlson  et  al.16  reported  x  =  0.24  and  x  = 
0.31  HgCdTe  layers  grown  by  Te-rich  LPE  under 
conditions  similar  to  ours  with  lattice  parameters  in 
excellent  agreement  with  our  assumed  linear 
interpolation  between  the  bulk  values  of  CdTe  and 
HgTe.  Their  measurements  were  also  made  by  the 
Bond  method.  A  second  explanation  is  that  the  epitax¬ 
ial  layer  is  strained,  with  a  larger  lattice  parameter 
normal  to  the  film  than  in  the  plane  of  the  film.  (The 
lattice  parameter  normal  to  the  film  is  measured  with 
a  symmetrical  (333)  or  (444)  rocking  curve.)  Nor¬ 
mally,  one  would  expect  very  thick  films  such  as  ours 
to  be  relaxed  by  the  formation  of  misfit  dislocations, 
but  this  may  not  relieve  all  of  the  mismatch  strain.  If 
the  strain  were  caused  by  mismatch  differences,  then 
a  positive  mismatch  would  lead  to  a  lattice  expansion 
normal  to  the  film,  at  least  qualitatively  in  agreement 
with  the  measured  data.  On  the  other  hand,  a  nega¬ 
tive  mismatch  should  result  in  epilayer  lattice  param¬ 


eters  lower  than  the  expected  value.  This  is  not  seen 
in  Fig.  7,  where  the  mismatch  changes  from  negative 
to  positive  across  the  sample  yet  the  epilayer  lattice 
parameter  is  essentially  constant  and  always  larger 
than  expected.  Mismatch  strain  in  the  layer  is,  there¬ 
fore,  not  responsible  for  the  lattice  parameter  discrep¬ 
ancy.  Further  work  is  planned  to  understand  the 
source  of  this  anomaly  in  epilayer  lattice  parameters. 

A  question  remaining  for  the  future  is  if  the  differ¬ 
ences  in  crystal  quality  related  to  lattice  mismatch 
have  any  measurable  effect  on  device  performance. 
The  observed  variation  of  EPD  with  lattice  matching 
would  be  expected  to  have  a  negligible  effect  on  LWIR 
photodiode  quantum  efficiency  and  R0A  at  77K,  based 
on  prior  correlations  of  device  performance  with  etch 
pits.17  However,  there  may  be  measurable  effects  on 
diode  reverse  I-V  characteristics  and  noise  at  77K, 
and  on  R0A  at  lower  temperatures;  these  parameters 
can  be  limited  by  dislocation  effects.  Since  the  re¬ 
quirements  for  exact  lattice  matching  are  so  strin¬ 
gent,  it  will  require  careful  screening  of  substrate 
composition  or  epilayer  mismatch  to  make  devices  for 
such  a  study. 

CONCLUSIONS 

X-ray  topography  provides  a  very  sensitive  map  of 
lattice  mismatch  between  a  (111)  CdZnTe  substrate 
and  HgCdTe  epitaxial  layer.  A  well-defined  cross- 
hatch  pattern  in  the  three  <110>  directions  indicates 
a  positive  room-temperature  lattice  mismatch.  For 
conditions  of  near-perfect  lattice  matching  (±  0.003% 
mismatch),  the  crosshatch  pattern  disappears,  pre¬ 
sumably  because  there  are  few  or  no  misfit  disloca¬ 
tions  present  near  the  interface,  and  a  region  free  of 
topographic  contrast  is  observed.  The  crosshatch-free 
region  occurs  for  a  small  positive  room-temperature 
mismatch  (about  0.02%);  this  is  attributed  to  differ¬ 
ences  in  the  lattice  matching  condition  at  room  tem¬ 
perature  and  the  growth  temperature.  For  negative 
mismatches,  where  the  film  is  in  tension,  a  mosaic 
pattern,  rather  than  a  crystallographically  oriented 
crosshatch,  is  observed  in  the  topograph.  Rocking 
curve  FWHM  of  the  epitaxial  layer  is  minimized  in 
the  crosshatch-free  zone  at  a  value  nearly  equal  to 
that  of  the  substrate.  Etch  pit  density  of  the  HgCdTe 
layer  shows  a  strong  minimum  for  perfect  room  tem¬ 
perature  lattice  matching,  with  values  as  low  as 
1  x  104  cm-2.  Achieving  EPD  below  105  cm-2  in  our 
HgCdTe  epilayers  requires  both  a  low  substrate  EPD 
and  near-perfect  lattice  matching.  For  nearly  lattice 
matched  layers,  crosshatch  is  present  throughout  the 
thickness  of  the  epitaxial  layer  except  for  a  narrow 
graded-composition  region  near  the  substrate  inter¬ 
face.  Crosshatch  contrast  appears  to  result  from  long- 
range  strain  fields  associated  with  a  misfit  dislocation 
network  near  the  substrate  interface.  Spatial  varia¬ 
tions  in  topographic  features  and  mismatch  across 
relatively  small  lateral  distances  are  caused  by  varia¬ 
tions  in  substrate  alloy  composition.  For  truly  lattice- 
matched  substrates,  better  control  over  the  substrate 
lattice  parameter  is  required. 
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In  order  to  form  HgTe-CdTe  superlattice  diode  arrays,  a  well-controlled  etch 
process  must  be  developed  to  form  mesa  structures  on  HgTe-CdTe  superlattice 
layers.  Wet  etch  processes  result  in  nonuniform,  isotropic  etch  profiles,  making 
it  difficult  to  control  etch  depth  and  diode  size.  In  addition,  surface  films  such  as 
a  Te-rich  layer  may  result  after  wet  etching,  degrading  diode  performance. 
Recently,  a  dry  etch  process  for  HgTe-CdTe  superlattice  materials  has  been 
developed  at  Martin  Marietta  using  an  electron  cyclotron  resonance  plasma 
reactor  to  form  mesa  diode  structures.  This  process  results  in  uniform,  anisotro¬ 
pic  etch  characteristics,  and  therefore  may  be  a  better  choice  for  etching 
superlattice  materials  than  standard  wet  etch  processes.  In  this  paper,  we  will 
present  a  comparison  of  etch  processes  for  HgTe-CdTe  superlattice  materials 
using  electron  microscopy,  scanning  tunneling  microscopy,  surface  profilometry, 
and  infrared  photoluminescence  spectroscopy  to  characterize  both  wet  and  dry 
etch  processes. 

Key  words:  Electron  cyclotron  resonance  (ECR),  HgTe-CdTe  superlattices, 
infrared 


INTRODUCTION 

Development  of  II-VI  infrared  detector  materials 
sensitive  to  very  long  wavelength  infrared  (VLWIR) 
radiation  will  require  the  use  of  exotic  materials  such 
as  HgTe-CdTe  superlattice  (SL)  devices,  in  which  the 
band-gap  of  the  material  can  be  precisely  controlled.1 
This  is  because  HgTe-CdTe  SLs  offer  the  potential  for 
better  cutoff  wavelength  control  and  improved  trans¬ 
port  perpendicular  to  the  epilayer  for  applications  in 
the  LWIR  and  VLWIR  regions  of  the  electromagnetic 
spectrum.  The  development  of  fabrication  processes 
for  HgTe-CdTe  SL  materials  grown  by  photon-as¬ 
sisted  molecular  beam  epitaxy  (PAMBE)  has  been  our 
subject  of  study  over  the  past  few  years.  Superlattice 
materials  have  been  grown  and  processed  to  evaluate 
device  characteristics,  as  well  as  the  effects  of  pro- 
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cesses  on  device  performance.  This  paper  compares 
bromine-based  wet-etching  with  plasma  dry  etching 
for  HgTe-CdTe  superlattice  materials. 

The  HgTe-CdTe  superlattice  materials  used  in  this 
study  were  constructed  of  alternating  layers  of  HgTe 
and  CdTe,  typically  20  to  50  angstroms  thick,  grown 
on  <21 1>  oriented  CdTe  substrates.  Layers  were 
doped  with  arsenic  and  indium  to  form  p-type  and  n- 
type  doped  layers,  grown  in  a  homojunction  configu¬ 
ration.  The  device  material  was  then  processed  to 
fabricate  test  devices  (mesa  diodes)  which  can  be 
evaluated  to  determine  material  and  device  charac¬ 
teristics. 

There  is,  however,  great  concern  that  processes 
used  to  fabricate  the  HgTe-CdTe  superlattice  will 
cause  device  degradation.  Because  the  HgTe-CdTe 
superlattice  layers  are  so  thin,  care  must  be  used  in 
processing  the  material  to  avoid  heating,  which  could 
cause  interdiffusion  of  the  layers  and  change  the 
effective  band-gap  of  the  material. 

Much  attention  in  this  work  has  been  focused  on  the 
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Fig.  1.  Scanning  electron  microscopy  photo  of  a  wet-etched  HgTe- 
CdTe  superiattice  mesa  structure.  The  superlattice  was  etched  in  5% 
bromine/ethylene  glycol.  The  etch  process  is  isotropic,  undercutting 
the  etch  mask  (not  shown)  with  an  aspect  ratio  of  1:1.  There  is  no 
visible  evidence  of  selective  etching  of  the  superiattice. 


Fig.  2.  Surface  profile  of  wet-etched  HgTe-CdTe  superiattice  mesa 
structure  (top)  shows  nonuniform  etching  of  the  material.  Etch  depth 
is  greatest  near  the  edge  of  the  mesa.  Scanning  tunneling  microscopy 
image  of  the  wet-etched  superiattice  (bottom)  reveals  the  surface 
roughness  is  about  4  nm. 

mesa  etch  process.  Wet-etch  processes  commonly  used 
for  HgCdTe  alloys  may  not  have  equal  etch  rates  for 
the  individual  HgTe  and  CdTe  layers  in  the 
superiattice  material.  Thus,  wet-etches  may  result  in 
a  scalloped  edge  on  the  mesa  diode  walls.  Wet  etchants 
such  as  bromine/methanol  are  inherently  difficult  to 
control  and  result  in  nonuniform  etch  rates.  Wet- 
etches  may  also  leave  a  tellurium-rich  surface  layer, 
because  the  individual  constituents  are  etched  at 


different  rates,  with  tellurium  being  the  slowest. 
These  effects  may  lead  to  increased  surface  leakage 
across  the  p-n  junction  and  degrade  the  diode  charac¬ 
teristics. 

Dry-etch  processes  for  HgCdTe  based  on  methane/ 
hydrogen  plasma  chemistry  offer  an  alternative  to 
wet-etch  processes.2  An  effective  approach  is  to  use  an 
electron  cyclotron  resonance  (ECR)  plasma  reactor  to 
produce  a  low  ion-energy  plasma  which  uses  mixtures 
of  methane  and  hydrogen  to  etch  HgCdTe  materials. 
Recent  work  with  ECR  technology  has  successfully 
fabricated  nanometer-scale  structures  in  HgCdTe 
materials.3  Electron  cyclotron  resonance  can  also  be 
used  to  deposit  CdTe  passivating  layers  which  offers 
the  potential  for  in  situ  device  processing. 

Wet-etch  and  ECR  plasma  etch  characteristics  of 
HgTe-CdTe  superiattice  materials  were  evaluated  by 
scanning  electron  microscopy  (SEM)  and  profilometry 
to  determine  etch  rates  and  surface  characteristics 
after  etching.  Scanning  tunneling  microscopy  (STM) 
v/as  also  used  to  provide  additional  information  on  the 
etched  surface  characteristics.4  Infrared  photo¬ 
luminescence  (IRPL)  spectra  from  superiattice  mate¬ 
rials  was  used  to  determine  if  processing  caused 
changes  in  the  band-gap  of  the  material.5  Diode 
characteristics  of  wet  etched  and  dry  etched  HgTe- 
CdTe  superiattice  devices  were  compared  to  discern 
whether  wet  etch  or  dry  etch  processes  have  a  greater 
impact  on  devices  from  the  same  superiattice  sub¬ 
strate. 

EXPERIMENTAL  DETAILS 

HgTe-CdTe  superiattice  epilayer  growth  was  per¬ 
formed  in  one  of  two  custom  MBE  machines  modified 
for  PAMBE  growth.  These  systems  have  been  de¬ 
scribed  in  an  earlier  publication.6  All  of  the  epilayers 
were  grown  on  <211>B  CdTe  substrates  at  a  deposi¬ 
tion  temperature  of  170°C.  The  substrates  were  pre¬ 
pared  using  standard  wet-etch  techniques  followed 
by  thermal  processing  prior  to  growth.7  Typical  beam 
equivalent  pressures  used  for  the  source  ovens  were 
3-5  x  1CH  Torr  for  Hg,  1-3  x  10-6  Torr  for  Te,  and  5- 
10  x  10~7  Torr  for  CdTe.  Overall  growth  rates  em¬ 
ployed  were  in  the  range  of  0.5  to  1.0  pm/ h.  The  Te  and 
Cd  sources  were  shuttered,  resulting  in  a  constant  Hg 
overpressure  throughout  the  growth.  This  produced 
barrier  layers  consisting  of  Hgl  xCdxTe,  where  x  = 
0.90.  Superlattices  investigated  for  this  study  utilized 
CdTe  and  HgTe  layers  with  thicknesses  in  the  range 
of  20-50  angstroms  with  cutoff  wavelengths  between 
8  and  10  urn. 

N-type  doping  of  epilayers  was  achieved  by  the 
introduction  of  an  indium  flux  during  film  growth. 
Indium  was  chosen  because  of  its  ease  of  incorpora¬ 
tion,  thermal  stability,  and  high  level  of  dopant  acti¬ 
vation.8’9  A  constant  indium  flux  was  maintained 
throughout  n-type  superiattice  growth  allowing  in¬ 
dium  to  incorporate  into  both  the  CdTe  and  HgTe 
layers. 

Arsenic  was  utilized  to  produce  p-type  material 
because  of  its  thermal  stability  and  high  activation 
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rate.8  During  superlattice  growth,  however,  arsenic  is 
incorporated  only  into  the  CdTe  layers,  to  avoid  com¬ 
pensation  problems  associated  with  Hg-based  mate¬ 
rials  such  as  HgTe.10  When  these  techniques  are 
combined,  controlled  doping  of  HgTe-CdTe  superlattice 
materials  has  resulted  in  p  on  n  device  structures.8 

As  grown,  the  p  layer  is  typically  about  2  pm  thick, 
which  means  that  the  mesa  etch  process  must  remove 
HgTe-CdTe  superlattice  material  to  a  depth  greater 
than  2  tum  to  achieve  diode  isolation.  To  pattern  and 
etch  the  superlattice  material,  the  following  process 
was  used.  First,  a  low  temperature  silicon  dioxide 
(Si02)  masking  layer  was  deposited  (2-3000  ang¬ 
stroms  thick)  on  the  material  by  ECR  chemical  vapor 
deposition.  A  pattern  was  then  defined  on  the  Si02 
film  by  photolithography,  using  a  variable-area  pat¬ 
tern  with  squares  and  circles  with  dimensions  from 
50-100  pm.  The  Si02  film  was  dry  etched  using  a  CF4/ 
02  plasma  in  a  parallel  plate  plasma  reactor.  After  the 
photoresist  was  stripped,  the  surface  was  cleaned 
with  dilute  bromine/methanol  prior  to  mesa  etching. 

The  mesa  etch  process  was  performed  using  either 
bromine  in  solvent  (methanol,  ethylene  glycol,  or 
HBr)  for  wet-etch  samples,  or  an  ECR  plasma  for  dry- 
etch  samples.  A  SEM  photo  of  a  superlattice  sample, 
after  static  etch  in  a  solution  of  5%  bromine/ethylene 
glycol,  is  shown  in  Fig.  1.  The  surface  of  the  superlattice 
is  very  smooth.  No  selective  etching  of  the  superlattice 
material  severe  enough  to  cause  scalloped  edges  was 
observed  for  any  of  the  other  wet-etch  solutions. 
Scanning  tunneling  microscopy  (STM)  imaging  re¬ 
veals  that  the  etched  superlattice  surface  has  struc¬ 
ture  on  a  scale  of  about  4  nm.4  Independent  etch  rate 
determination  for  MBE  grown  HgTe  and  CdTe  layers 
confirms  that  the  etch  rates  are  equivalent.  The  mesa 
profile  is  isotropic  (i.e.,  mask  undercut  =  etch  depth), 
and  the  etch  depth  is  nonuniform  across  the  surface. 
Figure  2  shows  a  typical  wet-etch  profile,  in  which  the 
etch  depth  varies  by  30%  or  more  across  the  sample. 
A  STM  image  is  also  shown  in  which  a  surface  rough¬ 
ness  of  about  4  nm  can  be  resolved.  Smooth  surfaces 
are  generally  required  for  effective,  reproducible  sur¬ 
face  passivation  during  device  processing.  All  wet- 
etch  processes  evaluated  resulted  in  similar  profiles 
on  HgTe-CdTe  superlattice  materials. 

Dry  etch  processes  for  HgTe-CdTe  superlattice 
materials  were  developed  in  a  PlasmaQuest  Model 
877D  system,  which  is  equipped  with  an  ASTeX  ECR 
plasma  source.  A  cross-section  diagram  of  the  ECR 
reactor  is  depicted  in  Fig.  3.  The  etch  chamber  is  12 
inches  in  diameter  and  is  pumped  by  a  1200  1/s 
turbomolecular  pump.  The  ECR  system  has  a  base 
pressure  of  about  1  x  10-7  Torr.  During  etching,  a 
hydrogen/argon  gas  mixture  (4%  H2)  is  introduced 
upstream  into  the  ECR  plasma  discharge  tube,  and  a 
methane/argon  gas  mixture  (10%  CH4)  is  injected 
downstream  from  the  ECR  source.  Pressure  during 
ECR  etching  is  typically  2-5  milliTorr,  depending  on 
gas  flow.  Microwave  energy  (2.45  GHz)  generates  a 
plasma,  which  occurs  at  around  875  gauss  in  the  ECR 
discharge  tube,  and  ions  are  carried  by  the  gas  flow 
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into  the  downstream  chamber  where  they  react  with 
methane.  Methane  ions  and  hydrogen  ions  are  prob¬ 
ably  the  dominant  etch  species  for  Hg,  Cd,  and  Te, 
forming  volatile  chemical  compounds  such  as 
dimethylmercury,  dimethylcadmium,  and  tellurium 
hydride.  The  HgTe-CdTe  superlattice  sampleis  loaded 
onto  RF  biased  chuck,  which  is  cooled  by  a  recirculat¬ 
ing  bath.  The  magnetic  field  generated  in  the  ECR 
source  helps  prevent  loss  of  ions  from  collisions  with 
the  chamber  wall,  and  the  magnetic  field  assists  in 
control  of  the  etch  profile  (anisotropy). 

Etch  rates  for  HgTe  and  CdTe  were  measured  in  the 
ECR  reactor,  so  that  the  ratio  of  etch  rates  could  be 
determined.  Typically,  HgTe  films  etch  about  four 
times  faster  than  CdTe  under  the  same  reactor  condi¬ 
tions.  This  result  suggests  that  the  ECR  etch  rate  is 
dependent  on  the  ratio  of  Hg  to  Cd  on  the  Group  II  site, 
which  implies  that  selective  etching  of  the  HgTe- 
CdTe  superlattice  might  occur. 

However,  we  found  no  evidence  of  differential  etch¬ 
ing  in  the  superlattices  used  for  this  study.  Figure  4 
shows  a  superlattice  mesa  test  pattern  after  ECR 
etching.  A  high  magnification  view  of  the  mesa  edge 


Fig.  3.  Schematic  diagram  of  the  Martin  Marietta  ECR  reactor  used  to 
develop  etch  processes  for  HgT e-CdTe  superlattice  devices.  A  plasma 
discharge  is  created  when  microwave  energy  couples  with  the  mag¬ 
netic  field  at  about  875  gauss  in  the  ECR  plasma  source.  The  plasma 
creates  ions  from  hydrogen  and  methane,  which  react  with  and  etch 
the  HgTe-CdTe  superlattice  materials. 
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Table  I.  Anisotropic  Etch  Conditions 


Fig.  4.  Scanning  electron  microscopy  photo  of  an  ECR  etched  HgTe- 
CdTe  superlattice  substrate,  showing  the  mesa  diode  test  pattern. 


Fig.  5.  Scanning  electron  microscopy  photo  showing  the  mesa  edge 
profile  of  a  HgTe-CdTe  superiattice  after  ECR  etching.  There  is  only 
slight  undercut  of  the  etch  mask  (shown),  with  an  aspect  ratio  of  about 
5:1 .  There  is  no  visible  evidence  of  selective  etching  of  the  superiattice 
layers. 


(Fig.  5),  shows  that  the  dry-etched  superiattice  sur¬ 
face  is  almost  as  smooth  as  typical  wet-etched  sur¬ 
faces.  There  is  no  visible  evidence  of  selective  etching 
of  the  superiattice  layers.  There  is  also  much  less 
mask  undercut  (the  aspect  ratio  is  about  5:1),  com¬ 
pared  with  wet-etch  processes.  This  suggests  that  the 
ECR  etching  of  superlattices  is  controlled  by  the 
surface  potential  which  depends  on  the  thickness  of 
the  constituent  layers.  This  implies  that  differential 
etch  effects  will  occur  only  when  the  constituent 
layers  of  the  SL  are  of  a  sufficient  thickness  to  etch 
independently. 

Process  conditions  were  adjusted  to  give  an  aniso¬ 
tropic  etch  profile,  shown  in  Fig.  6.  Conditions  used 
for  achieving  the  anisotropic  profile  are  listed  in  Table 
I.  There  is  no  visible  evidence  of  selective  etching  of 
the  superiattice  layers,  and  there  is  no  undercut  of  the 
etch  mask.  The  most  important  factors  for  controlling 


Hydrogen/Argon  Flow 

100  seem 

Methane/Argone  Flow 

20  seem 

Chamber  Pressure 

4  milliTorr 

Microwave  Power 

750  watts 

RF  Power 

50  watts 

RF  Bias 

-3  volts 

Magnet  Current  (top) 

185  amps 

Magnet  Current  (botton) 

125  amps 

Etch  Time 

20  min 

Note:  These  are  the  ECR  system  paremeters  used  for  dry  etching 
the  HgTe-CdTe  superlattices  in  this  study. 


Fig.  6.  Scanning  electron  microscopy  photo  of  HgTe-CdTe  super- 
lattice  mesa  structure  after  ECR  etching  with  a  process  optimized  for 
anisotropy.  There  is  no  undercut  of  the  etch  mask,  and  there  is  no 
evidence  of  selective  etching  of  the  superiattice  layers.  The  line 
feature  at  the  midpoint  of  the  mesa  wall  was  caused  by  a  process 
interruption  to  check  etch  progress  midway  through  the  process. 

anisotropy  are  the  addition  of  RF  bias  on  the  wafer 
(about  50  watts),  and  control  of  temperature  during 
etching.  RF  bias  increases  ion  energy  (developed  self 
bias  is  about  -3  volts  on  the  RF  chuck),  and  there  is  a 
corresponding  increase  in  the  superiattice  etch  rate, 
typically  from  about  500  angstroms/min  without  RF 
bias,  to  about  1500  angstroms  per  min  with  RF  bias, 
depending  on  ECR  reactor  conditions. 

As  the  ion  energy  is  increased  with  RF  bias,  the 
heat  load  also  increases.  Superiattice  temperature 
must  be  maintained  below  about  100°C,  maximum,  to 
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Fig.  7.  Infrared  photoluminescence  spectra  for  HgTe-CdTe  superlattice 
device  sample  as-grown  (top),  and  after  ECR  mesa  etch  (bottom).  The 
IRPL  peak  energy  and  intensity  are  the  same  for  both  samples,  within 
the  limits  of  the  experiment.  This  indicates  that  ECR  etch  conditions  do 
not  cause  interdiffusion  of  the  superlattice  and  do  not  damage  the 
surface. 

prevent  damage  to  the  material.  To  control  the  sur¬ 
face  temperature  during  etching,  the  duration  of  the 
etch  step  was  limited  to  about  1.0  min,  followed  by  a 
cooling  cycle.  HgTe-CdTe  superlattice  materials  were 
then  evaluated  by  IRPL  spectroscopy  to  determine  if 
there  were  any  changes  in  the  IRPL  characteristics 
due  to  interdiffusion  of  the  HgTe-CdTe  superlattice, 
caused  by  ECR  etching. 

Infrared  photoluminescence  spectroscopy  has  been 
shown  to  resolve  surface  damage  and  features  attrib¬ 
uted  to  monolayer  material  structure  in  super¬ 
lattices,11’12  and  therefore  it  should  be  sensitive  to 
even  slight  inter  diffusion  of  the  superlattice  layers. 
Surface  damage  will  diminish  the  IRPL  signal.  If 
interdiffusion  occurs,  the  IRPL  peak  will  be  broad¬ 
ened  and  shifted  significantly  to  higher  energy.  Fig¬ 
ure  7  shows  a  comparison  of  superlattice  IRPL  char¬ 
acteristics  before  and  after  ECR  etching.  The  IRPL 
peak  from  the  ECR  etched  superlattice  is  within  the 
range  expected  from  IRPL  data  taken  from  the  as- 
grown  sample.  The  slight  differences  in  peak  energy 
and  location  are  within  the  limits  of  the  measure¬ 
ment.  This  result  indicates  that  no  significant  inter- 
diffusion  has  occured.  Furthermore,  the  peak  inten¬ 
sity  after  etching  is  not  diminished,  which  indicates 
minimal  near-surface  etch  damage. 

Figure  8  shows  a  typical  profile  of  a  HgTe-CdTe 
superlattice  after  ECR  etch.  A  smooth,  flat  surface 
profile  is  produced  because  the  low  pressure  of  the 
ECR  process  improves  etch  uniformity  over  wet-etch 
processes.  Although  ECR  etching  results  in  a  more 
uniform  etch  profile  than  wet-etching,  the  ECR  etched 
surface  is  rougher  than  a  wet-etched  superlattice 
surface.  The  STM  imagery  of  an  ECR  etched 
superlattice  surface  reveals  a  roughness  of  about  40 
nm.4  The  ECR  etched  surfaces  are  not  quite  as  smooth 
as  the  wet-etched  surfaces.  They  are,  however,  nearly 
an  order  of  magnitude  smoother  than  that  typically 


Fig.  8.  Surface  profile  of  ECR  etched  HgTe-CdTe  superlattice  mesa 
structure  (top)  shows  uniform  etching  of  the  material.  Etched  surface 
is  flat.  Scanning  tunneling  microscopy  image  of  the  ECR  etched 
superlattice  (bottom)  reveals  the  surface  roughness  is  about  40  nm, 
roughly  an  order  of  magnitude  smoother  than  etched  LPE  layers. 

observed  for  HgCdTe  layers  grown  by  LPE,  indicating 
that  the  surfaces  are  more  than  sufficiently  smooth 
for  device  passivation  and  fabrication. 

CONCLUSIONS 

Wet-etch  and  dry-etch  processes  have  been  de¬ 
veloped  for  HgTe-CdTe  superlattice  materials.  The 
etch  processes  have  been  characterized,  and  the  ef¬ 
fects  of  the  etch  processes  on  superlattice  materials 
have  been  evaluated.  The  wet-etch  processes  based  on 
bromine  etch  solutions,  are  characterized  by  smooth 
surfaces  with  surface  feature  heights  only  about  4 
nm.  Wet  etch  processes  resulted  in  rounded  etch 
profiles  typical  of  isotropic  etching  with  no  clear 
evidence  of  selective  etching  of  the  superlattice.  Etch 
depths  were  found  to  vary  by  >30%  in  the  same 
sample  indicating  difficulty  in  etch  control. 

Dry-etch  processes  based  on  methane/hydrogen 
etch  chemistry  have  been  developed  for  HgTe-CdTe 
superlattices.  Control  of  process  parameters  in  the 
ECR  reactor  enable  anisotropic  etching  of  superlattice 
materials,  resulting  in  sharp  etch  profiles  with  good 
uniformity  and  little  or  no  mask  undercut.  Differen¬ 
tial  etching  was  not  observed  presumably  due  to  a 
single  surface  potential  formed  by  the  thin  constitu¬ 
ent  layers  of  the  SL.  Dry  etched  surfaces  exhibited 
surface  feature  heights  of  about  40  nm,  roughly  an 
order  of  magnitude  better  than  that  commonly  ob¬ 
served  in  LPE-grown  layers.  Heating  of  the 
superlattice  during  ECR  etching  can  be  limited,  and 
no  change  in  IRPL  characteristics  was  observed  for 
well  controlled  ECR  etch  processes. 
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Characterization  of  defects  in  Hgj  xCdxTe  compound  semiconductor  is  essential 
to  reduce  intrinsic  and  the  growth-induced  extended  defects  which  adversely 
affect  the  performance  of  devices  fabricated  in  this  material  system.  It  is  shown 
here  that  particulates  at  the  substrate  surface  act  as  sites  where  void  defects 
nucleate  during  HglxCdxTe  epitaxial  growth  by  molecular  beam  epitaxy.  In  this 
study,  we  have  investigated  the  effect  of  substrate  surface  preparation  on 
formation  of  void  defects  and  established  a  one-to-one  correlation.  A  wafer 
cleaning  procedure  was  developed  to  reduce  the  density  of  such  defects  to  values 
below  200  cm~2.  Focal  plane  arrays  fabricated  on  low  void  density  materials 
grown  using  this  new  substrate  etching  and  cleaning  procedure  were  found  to 
have  pixel  operability  above  98.0%. 

Key  words:  Atomic  force  microscopy,  HgCdTe,  molecular  beam  epitaxy 
(MBE),  void  defects 


INTRODUCTION 

Currently,  Hgx  xCdxTe  is  the  most  important  mate¬ 
rial  system  for  fabrication  of  focal  plane  arrays  (FPAs) 
for  use  in  infrared  imagery  applications.1-2  However 
this  technology  requires  strict  control  of  surface  con¬ 
ditions  for  growth  of  high  quality  material.3  Molecu¬ 
lar  beam  epitaxial  (MBE)  growth  of  Hgl  xCdxTe  on 
CdZnTe  offers  the  great  control  over  bandgap  engi¬ 
neering,  composition  and  dopant  profiles,  crystalline 
quality,  thicknesses,  interfaces,  and  specifically,  sur¬ 
face  preparations.4-6  The  primary  issue  associated 
with  void  defects  in  MBE  grown  Hg1_xCdxTe/CdZnTe 
materials  is  the  adverse  electrical  effect  of  such  de¬ 
fects  on  device  performance.  A  device  correlation 
study  which  clearly  demonstrated  that  growth-in- 
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duced  void  defects  are  detrimental  to  photovoltaic 
devices  indicated  that  epilayers  with  low  void  density 
are  needed  to  obtain  high  pixel  operability  in  FPAs.5 
In  this  paper,  we  present  our  results  on  characteri¬ 
zation  of  void  defects.  We  have  investigated  the  effect 
of  substrate  surface  preparation  on  formation  of  void 
defects  and  established  a  one-to-one  correlation  which 
indicates  particulates  at  the  substrate  surface  act  as 
sites  where  voids  nucleate  during  epitaxial  growth  by 
MBE.  A  wafer  cleaning  procedure  was  developed  to 
reduce  the  density  of  such  defects  to  values  below  200 
cm-2;  focal  plane  arrays  fabricated  on  low  void  density 
materials  grown  usingthis  new  substrate  etching  and 
cleaning  procedure  had  high  pixel  operability.  The 
substrate  surface  preparation  used  in  this  study  did 
not  affect  the  dislocation  density,  optical,  and  electri¬ 
cal  properties  of  the  HgCdTe  epilayers. 

Characterization  of  epilayer  voids  and  substrate 
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Fig.  1.  Cross  section  SEM  photograph  of  a  void  defect  induced  during 
the  MBE  growth  of  HgCdTe. 
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Fig.  2.  Atomic  force  microscopy  photograph  of  CdZnTe  substrate 
surface  prior  to  etching  (a)  and  after  etching  and  removal  of  5  urn  (b). 
Note  the  presence  of  high  density  of  particulates  and  polishing 
damage  prior  to  Br/methanol  etch. 


surface  defects  were  carried  out  using  atomic  force 
microscopy  (AFM),  optical  microscopy,  and  scanning 
electron  microscopy  (SEM).  In  the  next  section,  we 
discuss  our  experiment.  Results  on  pixel  operability 
of  long  wavelength  infrared  (LWIR)  focal  plane  ar¬ 
rays  will  be  discussed  in  the  Results  and  Discussion 
section.  Concluding  remarks  are  also  presented. 


EXPERIMENT 

The  heterostructures  were  grown  in  a  RIBER  2300 
MBE  system.  A  detailed  discussion  of  MBE  HgCdTe 
growth  procedures  and  device  fabrication  used  here 
can  be  found  in  Refs.  5  and  6.  The  epilayers  were 
grown  on  near  lattice-matched  CdZnTe  to  minimize 
the  dislocation  density  in  the  HgCdTe.  The  (211)B 
orientation  was  chosen  since  we  have  obtained  excel¬ 
lent  surface  morphology  and  high  performance  photo¬ 
diodes  on  epitaxial  layers  grown  on  this  orientation.4-8 
CdZnTe  substrates  were  etched  in  1%  chemical  solu¬ 
tion  of  bromine  methanol  to  remove  approximately  5 
am  from  the  surface  region  followed  by  rinse  in 
methanol  bath  and  nitrogen  dry  immediately  after 
rinse.  Samples  were  then  loaded  into  the  MBE  cham¬ 
ber  to  avoid  any  contamination  of  the  surface.  The 
substrates  were  first  outgassed  and  prepared  for 
growth.  Molecular  beam  epitaxially  grown  het¬ 
erostructures  consist  of  a  12  um  thick  indium-doped 
(2  x  1015  cm4)  Hgl  xCdxTe  LWIR  absorbing  layer 
followed  by  growth  of  a  1  pm  thick  undoped 
Hgj_,CdvTe  (y  =  x  +  0.075)  layer  and  a  final  1000A 
thicls  CdTe  layer.  P-on-n  planar  photodiodes  were 
fabricated  using  these  heterostructures.  The  forma¬ 
tion  of  planar  photodiodes  was  achieved  by  first  selec¬ 
tively  implanting  arsenic  through  windows  made  on 
a  mask  of  photoresist/ZnS  and  then  diffusing  the 
arsenic  by  annealing  through  the  cap  layer  into  the 
narrow  gap  base  layer.  A  schematic  of  the  device 
structure  can  be  found  in  Ref.  5. 

RESULTS  AND  DISCUSSION 

A  cross  section  SEM  photograph  of  a  void  defect 
(Fig.  1)  shows  that  the  void  defects  nucleate  at  the 
onset  of  growth  on  the  substrate  surface  and  prop¬ 
agate  to  the  epilayer  surface  during  the  growth  of 
HgCdTe.  The  size  of  void  defects  at  the  surface  in¬ 
creases  as  growth  continues,  and  for  epitaxial  layers 
of  10-15  um  in  thickness,  a  void  defect  size  of  5  pm  is 
frequently  observed.  Inside  these  void  defects,  the 
HgCdTe  growth  is  polycrystalline. 

Figure  2a  is  an  atomic  force  microscopy  picture  of 
the  as-recieived  CdZnTe  substrate  surface  prior  to 
etching  and  cleaning.  These  substrates  are  epi-ready 
polished  by  vender.  A  high  density  (>108  cm-2)  of 
particulates  and  polishing  damage  lines  is  evident  in 
this  picture,  and  an  etching  step  is  required  to  remove 
the  surface  damage  region  in  these  substrates.  Figure 
2b  shows  the  reduction  in  density  of  particulates  after 
5  pm  of  surface  region  is  removed  in  1%  chemical 
solution  of  bromine  methanol.  Note  the  polishing 
damage  lines  are  also  removed  using  this  etching 
step.  The  density  of  remaining  particulates  (for  clar¬ 
ity  picture  is  shown  for  area  where  there  is  a  particu¬ 
late  at  this  magnification)  at  the  substrate  surface 
after  this  step  is  in  the  range  of  100-200  cm-2.  Epi¬ 
taxial  layers  grown  on  these  substrates  have  rou¬ 
tinely  resulted  in  high  quality  HgCdTe  epilayers  with 
low  void  density  also  in  the  range  of  100-200  cm-2. 
These  dust  particulates  on  CdZnTe  are  not  chemi- 
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cally  bonded  to  the  surface,  and  application  of  ultra¬ 
sonic  cleaning  in  methanol  results  in  movement  of 
particulates  on  surface.  Hence,  one  would  expect  that 
these  particulates  would  all  be  removed  in  the  etching 
step  and  that  the  density  should  drop  to  approxi¬ 
mately  zero  rather  than  100-200  cm-2  range.  The 


origin  of  particulates  that  give  rise  to  the  100-200 cnr2  void 
density  in  HgCdTe  is  most  likely  due  to  particulates 
in  methanol,  additional  particulates  from  N2  blow 
dry,  dust  in  air  from  spin  drying,  and  from  the  air 
during  transfer  of  the  wafer  to  the  MBE  chamber.  An 
optical  picture  of  Cd0  96Zn0  04Te  substrate  surface,  il- 


Fig.  3.  (a)  An  optical  dark  field  picture  of  (21 1  )B  CdZnTe  substrate  prior  to  growth  showing  the  presence  of  the  particulates  on  the  substrate  surface, 
(b)  Optical  picture  of  the  same  area  after  growth  of  8  fim  Hg078Cd022Te.  Note  void  defects  are  only  formed  at  the  same  sites  where  the  particulates 
are  present  at  the  substrate  surface. 


Fig.  4.  Pixel  operability  map  of  a  MBE  HgCdTe  LWIR  1 28  x  1 28  hybrid  focal  plane  array.  The  pixel  operability  measured  at  the  hybrid  level  is  97%. 
Defective  pixels  in  this  map  are  indicated  by  light  color. 
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lustrated  in  Fig.  3a  taken  prior  to  growth  shows  the 
presence  of  different  particulates  at  the  surface.  In 
Fig.  3b,  an  optical  picture  of  the  HgCdTe  surface  is 
taken  at  the  same  position  after  8  um  thick  epitaxial 
Hg078Cd022Te  was  grown  on  this  surface  clearly  dem¬ 
onstrates  that  formation  of  void  defects  occurs  only 
where  the  particulates  are  present  on  substrate  sur¬ 
face.  The  density  of  void  defects  in  the  epilayer  may  be 
reduced  even  further  by  improvement  in  substrate 
etching  and  preparation  steps  to  clean  the  surface. 

We  have  used  void  density  value  to  estimate  num¬ 
ber  of  defective  pixels  in  FPAs  and  observed  a  strong 
correlation  with  array  pixel  operabilty.  A  pixel  oper¬ 
ability  map  of  a  typical  MBE  HgCdTe  LWIR 128  x  128 
hybrid  FPA  is  shown  in  Fig.  4.  The  total  number  of 
defects  in  this  hybrid  including  the  void  defects  for  the 
area  of  the  array,  scratch  defects,  and  multiplexer 
defects,  corresponds  to  approximately  1.9%  poor  de¬ 
vices.  This  value  is  estimated  based  on  void  density  of 
250  cm~2  for  this  layer,  defective  pixels  in  the  multi¬ 
plexer,  and  defective  pixels  due  to  scratch  during 
processing.  The  pixel  operability  value  of  97%  (pixel 
having  D*>l/2  [mean  D*])  measured  for  this  hybrid 
agrees  well  with  the  98.1%  estimate.  Similar  results 
have  been  observed  for  several  hybrid  arrays  for  both 
MLWIR  and  LWIR  FPAs.  We  have  demonstrated 
array  pixel  operability  above  98.0%  for  a  MBE  HgCdTe 
LWIR  256  x  256  hybrid  FPA  by  reducing  void  defect 
density  in  our  epitaxial  layers  to  values  below  200  cm-2. 

SUMMARY 

Formation  of  void  defects  in  Hgl  xCdxTe  grown  by 
MBE  and  CdZnTe  (211)B  substrate  surface  defects 
were  investigated  using  optical  microscopy,  atomic 
force  microscopy,  and  secondary  electron  microscopy. 


Void  defect  formation  was  found  to  be  caused  prima¬ 
rily  by  polycrystalline  nucleation  of  HgCdTe  on  the 
dust  particulates  at  the  CdZnTe  substrate  surface. 
The  density  of  these  void  defects  can  be  reduced  to 
values  below  200  cm-2  using  a  chemical  solution  of 
bromine  methanol  to  etch  CdZnTe  and  dust-free  dry 
nitrogen  or  spin  drying.  MLWIR  and  LWIR  focal 
plane  arrays  fabricated  on  low  void  density  materials 
grown  using  this  new  substrate  etching  and  cleaning 
procedure  had  pixel  operability  above  98.0%.  Density 
of  void  defects  in  the  epilayers  may  be  reduced  even 
further  by  improvement  in  substrate  preparation. 
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We  report  the  results  of  the  transport  properties  and  the  recombination  mecha¬ 
nisms  of  indium-doped  HgCdTe(211)B  (x  ~  23.0%  ±  2.0%)  layers  grown  by 
molecular  beam  epitaxy.  We  have  investigated  the  origin(s)  of  the  background 
doping  limitation  in  these  layers.  Molecular  beam  epitaxially  grown  layers 
exhibit  excellent  Hall  characteristics  down  to  indium  levels  of  2  x  1015  cnr3. 
Electron  mobilities  ranging  from  (2-3)  x  105  cm2/v-s  at  23K  were  obtained. 
Measured  lifetime  data  fits  very  well  with  the  intrinsic  band-to-band  recombina¬ 
tions.  However,  below  2  x  1015  cm-3  doping  levels,  mobility  vs  temperature  curves 
starts  to  reflect  nonuniformity  in  carrier  distribution.  Also,  when  we  reduced  the 
Hg  vacancy  concentration  down  to  1012  cm-3  range,  by  annealing  at  150°C,  Hall 
characteristics  shows  an  increase  in  the  nonuniformity  in  the  epilayers.  It  was 
found  that  after  annealed  at  150°C,  the  obtained  SR  defect  level  has  a  different 
origin  than  the  previously  obtain  Hg-vacancy  related  defect  level. 

Key  words:  HgCdTe,  lifetimes,  molecular  beam  epitaxy,  n-type  doping, 
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INTRODUCTION 

Minority  carrier  lifetime  (x)  of  the  excess  pho¬ 
togenerated  carriers  and  the  behavior  of  extrinsic 
dopants  in  HgCdTe  are  of  great  importance  for  the 
performance  of  infrared  detectors.  Small  concentra¬ 
tions  of  unintentionally  added  elements  can,  if  electri¬ 
cally  active,  affect  the  transport  properties  of  the 
material  and  influence  the  performance  of  devices. 

In  molecular  beam  epitaxy  (MBE)  material,  several 
factors  such  as  substrate  orientation,  substrate  sup¬ 
plier,  growth  temperature,  and  Hg  flux  appeared  to 
influence  the  electrical  properties.1  In  the  non- 
intentionaly  doped  layers,  it  is  difficult  to  determine 
what  controls  electronic  properties,  namely;  native 
defects  (Hg  vacancy,  interstitial  Te,  etc.)  or  back- 
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ground  impurities  introduced  during  the  growth  and / 
or  diffusing  from  the  substrates.  The  outdiffusion  of 
impurities  had  been  previously  reported  in  the  litera¬ 
ture  for  liquid  phase  epitaxial  (LPE)  growth2  as  well 
as  for  MBE1-3  growth  of  HgCdTe.  Hence,  selecting  a 
suitable  substrate  is  a  very  critical  factor  for  the 
growth  of  HgCdTe  by  MBE.  In  order  to  determine  the 
residual  impurity  background,  we  have  analyzed  as- 
grown  and  annealed  layers.  Indium  has  been  used  as 
a  n-type  dopant  in  MBE-HgCdTe  epilayers  at  EPIR 
and  at  the  University  of  Illinois  at  Chicago.  From  our 
previous  studies,4*5  we  have  shown  that  the  incorpora¬ 
tion  of  indium  during  the  growth  by  MBE  of  HgCdTe 
is  under  control  down  to  a  doping  level  of  ^2.0  x  1015 
cm"3.  This  is  supported  by  the  measured  lifetime  and 
transport  data,  which  attests  for  the  high  quality  of 
MBE-grown  HgCdTe  layers  and  their  suitability  for 
IR  photodiodes.  However,  it  is  extremely  important  to 
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Fig.  1.  Hail  characterization  of  indium-doped  MBE~Hg079Cd021Te 
grown  on  a  selected  substrate  supplier  at  magnetic  field  strength  of  0.2 
Tesla;  (a)  carrier  concentration  and  mobility  of  after  n-type  isothermal 
anneal  (b),  (c)  carrier  concentration  and  mobility  of  after  p-type  anneal 
vs  reciprocal  temperature,  respectively. 

investigate  the  origin(s)  of  this  limit  in  order  to 
control,  if  possible,  the  background  doping  in  the  1014 
cnr3  range  or  even  lower. 

In  this  work,  we  present  an  analysis  of  electrical 
properties  and  recombination  mechanisms  of  indium- 
doped  MBE-grown  epilayers  which  will  shed  some 
light  on  the  current  limitation  on  the  background 
doping  in  MBE-grown  Hg^Cd^e  (x  =  0.22  to  0.23) 
layers. 

EXPERIMENT 

Molecular  beam  epitaxy-HgCdTe  layers  were  grown 
at  EPIR  Ltd.  Details  on  the  growth  have  been  previ¬ 
ously  reported  (for  example  see  Ref.  1).  Investigated 
layers  were  doped  in-situ  during  MBE  growth  with 
indium.  The  Cd  composition  and  the  layer  thickness 
were  determined  at  room  temperature  by  infrared 
transmission  measurements.  All  of  the  layers  inves¬ 
tigated  were  annealed  in  a  sealed  quartz  ampoule. 
Two  types  of  annealing  were  performed.  In  the  n-type 
case,  layers  were  annealed  at  250°C  for  24  h,  and  at 
250O|C  for  24  h  followed  by  at  150°C  for  30  days.  In  both 
cases,  annealing  was  done  under  Hg-saturated  atmo- 
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Fig.  2.  (a)  Carrier  concentration  and  (b)  mobility  vs  reciprocal  tempera¬ 
ture  of  (21 1  )B  indium-doped  MBE  grown  Hg..0  78Cd=j022T e  layers  grown 
on  selected  CdZnTe  substrates.  Insert  shows  the  mobility  vs  recipro¬ 
cal  temperature  in  an  expanded  temperature  scale. 

sphere.  This  type  of  annealing  will  reduce  the  Pig- 
vacancy  concentration  created  during  the  MBE  growth 
at  185°C.  In  the  p-type  case,  layers  were  annealed  by 
keeping  the  sample  temperature  higher  than  the  Pig 
source  temperature.  The  carrier  concentration  [ex¬ 
tracted  from  the  Hall  coefficient  Rh(T)]  and  the  mobil¬ 
ity  [extracted  from  Rh(T)/p(B  =  0,  T)]  of  the  layers  were 
measured  by  the  van  der  Pauw  technique6  for  tem¬ 
peratures  ranging  from  300  to  20K  and  magnetic 
fields  up  to  1.0  Tesla.  The  lifetime  measurements 
(typical  sample  dimensions  are  ~3  x  3  mm2)  were 
carried  out  using  the  photoconductive  decay  tech¬ 
nique.  Since,  we  do  not  passivate  our  samples  after 
annealing,  all  the  samples  were  etched  in  Br-metha- 
nol  solution  prior  to  both  measurements. 

The  measured  lifetime  data  vs  temperature  were 
analyzed,  using  different  recombination  mechanisms; 
namely  Auger,  radiative,  and  Schockly-Read  (SR) 
processes.  These  have  been  discussed  extensively  in 
the  liturature4'7  and  therefore  we  will  not  repeat  here 
again.  The  effective  lifetime  t  is  calculated  from, 
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where  t4,  tr,  and  xSR  are  Auger,  radiative,  and  SR 
lifetime,  respectively. 


Analysis  of  Low  Doping  Limitation  in  MBE  Grown 
HgCdTe(211)B  Epitaxial  Layers 


RESULTS  AND  DISCUSSION 

We  have  previously  studied1  the  dependence  of  Hall 
characteristics  (carrier  concentration  and  mobility) 
vs  temperature  of  Hg^Cd^e  layers  grown  under 
similar  conditions  on  (211  )B  CdZnTe  substrates  bought 
from  various  suppliers.  Measured  data  displayed  strik¬ 
ing  differences  in  the  carrier  concentration  and  as 
well  as  the  mobility  vs  temperature.  All  of  the  layers 
were  non-intentially  doped  and  Cd  composition  ranges 
between  0.22  to  0.23.  When  doping  was  low,  Hall 
characteristics  showed  mixed  conduction8  and  these 
were  related  to  the  presence  of  nonuniform  impurity 
distribution  in  the  layers.  The  influence  of  the  mixed 
conduction  to  the  transport  properties  varies  with  the 
substrate  suppliers  or  sometimes  even  from  lot  to  lot 
of  the  same  supplier.  After  isothermal  anneal  at 
250°C  some  layers  showed  degraded  Hall  characteris¬ 
tics.  Layers  grown  on  some  substrates,  show  even  p- 
type  characteristics  after  n-type  anneal  at  250°C. 
These  differences  in  the  transport  properties  could  be 
explained  satisfactorily  by  the  diffusion  of  impurities 
originating  from  the  substrates.  These  background 
impurities  are  competing  with  the  native  defects  to 
govern  the  electrical  properties  in  the  1014  cm-3  to  1G15 
cm-3  range.  The  impurity  level  varies  from  supplier  to 
supplier  and  even  from  lot  to  lot.  Secondary  ion  mass 
spectroscopy  (SIMS)  analysis  have  been  performed 
and  impurities  such  as  Li,  Na,  Ag,  and  Cu  have  been 
found1  and  are  distributed  nonuniformely  throughout 
the  layer.  This  explains  the  observed  anomalous  Hall 
characteristics  vs  temperature  on  some  of  the  layers. 
Impurities  diffusing  from  the  substrate  are 
nonuniformely  distributed  along  the  growth  axis  and 
are  very  likely  to  be  nonuniform  accross  the  epilayer 
plane. 

This  mixed  conduction  behavior  prevents  the  deter¬ 
mination  of  the  true  background  doping  level  in  the 
MBE-grown  HgCdTe  layers.  Hence,  substrate  screen¬ 
ing  is  one  of  the  critical  steps  regarding  the  growth  of 
HgCdTe  by  MBE. 

It  appears  that,  layers  grown  on  one  of  the  sup¬ 
plier’s  substrates  (obtained  from  Nippon  Mining  Cor¬ 
poration)  show  less  mixed  conduction  effects  in  trans¬ 
port  properties  at  low  temperatures.  We  have  studied 
the  incorporation  of  indium  in  HgCdTe  when  these 
substrates  are  used.  This  has  been  carried  out  not 
only  to  control  mid  to  high  donor  levels  but  also  to 
establish  a  background  doping  level  whch  is  impor¬ 
tant  in  the  infrared  detection  technology  especially  in 
the  photo  conduction  (PC)  mode.9  Layers  grown  on 
these  substrates  show  excellent  electrical  properties 
and  they  do  convert  completely  as  n-type  and  p-type 
after  suitable  respective  anneals.  Figure  1  shows  the 
carrier  concentration  and  the  mobility  vs  reciprocal 
temperature  of  a  typical  layer  grown  on  this  selected 
substrate  under  different  annealing  conditions.  As 
can  be  seen,  this  In-doped  layer  after  n-type  anneal 
exhibit  excellent  electrical  properties.  The  Cd  compo¬ 
sition  of  this  layer  is  0.21.  Electron  mobility  exceeds 
4  x  105  cm2/v-s  at  23K  and  compares  well  with  the  best 
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mobilities  reported  so  far.  These  layers  do  convert  to 
p-type  after  a  suitable  p-type  anneal.  As  an  example, 
the  carrier  concentration  and  mobility  vs  reciprocal 
temperature  for  the  same  layer  are  shown  in  Fig.  lb 
and  Fig.  lc,  respectively,  after  a  suitable  p-type  an¬ 
neal. 

To  establish  the  lowest  n-type  background  level 
controlled  by  indium,  HgCdTe  layers  were  grown 
under  different  indium  fluxes.  Figure  2  shows  the 
carrier  concentration  (Fig.  2a)  and  the  mobility  (Fig. 
2b)  vs  reciprocal  temperature  of  indium-doped  n-type 
layers  which  have  been  annealed  at  250°C.  Cd  compo¬ 
sition  on  these  layers  were  between  0.22  and  0.23. 
Electron  mobilities  ranging  from  2-3  x  105  cm2/v-s  at 
23K  were  obtained  with  doping  levels  down  to 
~2  x  1015  cm-3.  These  values  are  comparable  with  the 
best  mobilities  reported  for  HgCdTe  for  this  Cd  com¬ 
position  and  for  this  doping  level. 

Figure  3  shows  the  mobility  vs  doping  measured  at 
23K  after  annealed  at  250°C.  The  expected  behavior 
of  increase  in  mobility  with  decreasing  doping  levels 
can  be  clearly  seen  down  to  2.0  x  1015  cm-3.  When  the 
doping  level  decreases  below  2.0  x  1015  cnr3,  the 
measured  Hall  mobility  started  to  decrease  instead  of 
an  increase.  From  Table  I  and  Fig.  3,  it  appears  that 
these  annealed  layers  can  be  classified  into  two  differ¬ 
ent  catogories. 

Region  I:  Nd-  Na  >  2.0  x  1015  cm-3 

Layers  which  fall  into  this  catogory  always  show 
well  behaved  Hall  characteristics  (see  Fig.  2).  Carrier 
concentration  and  mobility  vs  reciprocal  temperature 
curves  show  no  visible  mixed  conduction  effects.8 
Electrical  properties  are  fully  explained  by  the  intrin¬ 
sic  material  properties.  Measured  mobility  decreases 
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Fig.  3.  Dependence  of  mobility  vs  doping  concentration  at  23K.  The 
solid  line  is  the  theoretical  calculation  assuming  no  compensation  and 
the  dash  line  takes  into  account  compensation  as  described  in  the  text. 
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Fig.  4.  Measured  minority  carrier  lifetime  on  electron  density  (solid 
symbols)  at  80K  on  indium-doped  MBE-grown  HgCdTe  layers.  Data 
also  included  Loral  LPE-grown  (O)  and  bulk-grown  (  )  HgCdTe  layers 
obtained  fron  Ref.  14.  The  solid  line  shows  the  calculated  Auger 
lifetime  at  80K  with  I  F1 F2 1  =0.22. 


when  doping  level  increases.  This  is  an  indication  of 
the  scattering  due  to  ionized  impurities.10  The  solid 
line  in  Fig.  3  shows  the  overall  mobility  calculated  at 
23K  as  a  function  of  the  doping  concentration  by 
reciprocally  combining  the  mobility  due  to  ionized 
impurity  and  that  due  to  lattice  scattering: 

11  1 
—  = - 1 - 

M-  H  Lattice  ^Ionized 

where  uIonized  is  the  ionized  impurity  scattering  mobil¬ 
ity  (assuming  no  compensation)  given  by,11 

0.20  g _ Eg 

^l0mzed  (mo  /  m)2g(b)  (2Ef  +eJ2 

where  e  is  the  dielectric  constant,12,  m*  =  3/i2Eg/4P2, 
P  =  8  x  10s  eV  cm,12  and  EF  is  the  Fermi  energy. 

The  screening  factor  g(b)  is  given  by, 

g(b)  =  ln(l+b)-^n 

b  0.85  e  VEFEg(EF  +  Ee)' 

(m*  / m)V2  (2EF+Eg) 

We  have  assumed13  pLattice  =  1  x  107  cm2/v-s. 
According  to  the  HgCdTe  P-T  phase  diagram,  an- 


1000/T(K) 

Fig.  5.  Measured  (©)  and  theoretical  minority  carrier  lifetime  on  a 
indium-doped  HgCdTe  layer  #075  vs  reciprocal  temperature  after 
annealed  at  250°C.  Lines  show  various  contributions  from  radiative 
( — ),  Auger  (”•),  and  combined  Auger  plus  radiative  ( — )  recombination 
processes. 


nealing  at  250°C  under  Hg  saturated  conditions  should 
reduce  the  Hg  vacancies  to  low  1G14  cm-3  range.  Hence, 
when  Nd  is  above  2  x  1015  cm-3,  layers  can  be  consid¬ 
ered  not  to  be  compensated  by  these  Hg  vacancies, 
which  is  in  very  good  agreement  with  the  theory.  The 
dash  line  in  Fig.  3  was  obtained  by  assuming 
compensating  acceptor  concentration  of  1.0  x  IQ14  cm-3. 
These  compensating  acceptors  start  to  play  a  sig¬ 
nificant  role  when  Nd  <  2-3  x  1015  cm"3  as  seen  by  the 
dash  line  in  Fig.  3. 

Figure  4  shows  the  relation  between  lifetime  and 
electron  concentration  of  indium-doped  HglxCdxTe  (x 
~  23.0%  ±  2.0%)  layers  at  80K.  Lifetime  decreased 
from  ~  1  psec  to  «  20  nsec  when  doping  increased  from 
«  2  x  1G15  cm-3  to  1  x  IQ16  cm-3.  The  solid  symbols 
represent  layers  grown  by  MBE  at  EPIR  Ltd.  The 
measured  lifetime  data  can  be  explained  satisfacto¬ 
rily  by  the  intrinsic  limited  band-to-band  recombina¬ 
tion  processes  throughout  the  temperature  region 
down  to  80K  (see  also  in  Refs.  4  and  5).  For  comparison 
purposes,  we  have  also  included  in  Fig.  4  lifetime  data 
at  ~80K  of  Loral  LPE-  and  bulk-grown  layers.14  As  can 
be  seen,  our  MBE-grown  layers  compare  very  well 
with  the  Loral  layers  with  comparable  doping  densi¬ 
ties.  Figure  5  shows  the  behavior  of  lifetime  of  layer 
#075  vs  temperature  as  measured  by  the  photocon- 
ductive  decay  method.  Solid  circles  represent  mea¬ 
sured  experimental  data  points  after  anneal  at  250°C. 
The  peak  lifetime  reaches  ~1.Q  ps  at  13 OK;  and  at 
lower  temperatures,  it  decreases  exponentially.  The 
solid  line  represents  the  theoretical  curve,  which 
include  only  intrinsic  band-to-band  (namely,  Auger 
and  radiative)  processes.  As  can  be  seen,  there  is  an 
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Table  I.  Hall  Characteristics  and  Lifetime  Behavior  of  Some  of  the  Selected  Layers 


Name 

t  (pm) 

FWHM  (arc-s) 

Doping  Nd  -  Na 
(cm4) 

p  at  23K 
(cm2/v-s) 

Hall  Data 

Lifetime  Data 
(SR  Visible  or  Not) 

069 

09.5 

53 

2.0  x  1016 

1.1  x  105 

Classical 

No 

111 

12.2 

_ 

4.9  x  1015 

1.6  x  105 

Classical 

No 

078 

10.8 

33 

2.2  x  1015 

2.3  x  105 

Clasiscal 

No 

139 

11.2 

97 

1.4  x  1015 

1.6  x  105 

Classical 

No 

082 

10.4 

41 

1.2  x  1015 

2.0  x  105 

Classical 

Yes 

141 

11.4 

90 

7.8  x  1014 

1.1  x  105 

Slightly  Mixed 

Yes 

099 

19.9 

60 

2.9  x  1014 

4.4  x  104 

Mixed 

— 

excellent  agreement  between  the  experimental  data 
and  the  intrinsic  material  properties  of  MBE-grown 
HgCdTe  layers.  This  layer  has  a  doping  level  of 
2.2  x  1015  cm-3.  Similar  behavior  is  obtained  for  higher 
doping  levels.  The  Auger  lifetime  dominates  through¬ 
out  the  entire  temperature  region  from  300  to  80K. 
The  solid  line  in  Fig.  4  shows  n~2  dependence  as 
expected  and  this  further  confirms  that  the  measured 
lifetime  is  limited  by  the  Auger  recombination  at  80K. 

Region  II:  Nd-  Na  <  2.0  x  1015  cm-3 

In  this  range,  layers  are  compensated  due  to  Hg 
vacancies.  As  can  be  seen  from  Fig.  3,  there  is  a 
substantial  discrepancy  between  the  calculated  mo¬ 
bility  and  the  measured  mobility  at  23K  assuming 
1014  cm-3  of  compensating  acceptors.  Hence,  this  dras¬ 
tic  reduction  in  mobility  cannot  be  due  to  the  compen¬ 
sating  acceptors.  For  the  lowest  doping  of  ^3.0  x  1014 
cm-3,  this  decrease  in  mobility  is  clearly  visible. 

Layers,  falling  between  1  x  1015  cm-3  to  2  x  10la  cm-3, 
show  no  mixed  conduction  effects  (see  Table  I).  Mea¬ 
sured  lifetimes  on  these  layers  could  be  explained  by 
intrinsic  band-to-band  processes  without  SR  recom¬ 
bination,  similar  to  the  high  doped  layers.  Figure  6a 
shows  lifetime  data  on  layer  #139  which  has  a  doping 
level  of  1.3  x  1015  cm-3  after  250°C  anneal. 

Measured  lifetime  on  most  of  the  layers  (doping 
between  (1-2)  x  1015  cm-3),  could  be  explained  by 
assuming  SR  recombination  centers  in  addition  to  the 
band-to-band  recombination  processes.  Figure  7a 
shows  measured  lifetime  on  layer  #082.  This  layer 
has  a  doping  level  of  1.4  x  1015  cm-3.  The  behavior  of 
lifetime  vs  temperature  data  are  similar  to  the  ones 
obtained  for  higher  doping  levels.  The  combined  Au¬ 
ger  and  radiative  lifetime  is  in  good  agreement  with 
the  experimental  data  in  the  intrinsic  region.  But,  in 
the  extrinsic  temperature  region,  the  data  is  lower 
than  the  theoretical  value  by  a  factor  of  ~1.2.  In  order 
to  obtain  a  good  fit  throughout  the  entire  temperature 
range,  we  had  to  assume  SR  recombination  level  of  45 
meV  below  the  conduction  band.  This  defect  level  is 
located  ~(3/4)Eg  with  respect  to  the  valence  band  edge. 

When  the  doping  falls  below  2.0  x  10 15  cm-3,  compen¬ 
sation  should  indeed  occur  after  n-type  annealed  at 
250°C.  However,  as  can  be  seen  from  Table  I,  mixed 
conduction  effects  started  to  be  visible  in  the  mobility 
vs  temperature  curve  in  the  extrinsic  temperature 
region  (see  Fig.  2).  This  mixed  conduction  can  only  be 
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Fig.  6.  (a)  Measured  (•)  and  theoretical  minority  carrier  lifetime  on  a 
indium-doped  HgCdTe  layer  #139  vs  reciprical  temperature  after 
annealed  at  250°C.  Lines  show  various  contributions  from  Auger  ( — ), 
radiative  (■•■),  and  combined  Auger  plus  radiative  (— )  recombination 
processes,  (b)  Measured  (■)  and  theoretical  minority  carrier  lifetime  vs 
reciprocal  temperature  of  the  same  layer  after  post  annealed  at  1 50°C. 
Lines  show  various  contributions  from  Auger  plus  radiative  ( — ■),  and 
combined  Auger,  radiative  and  SR  (— )  recombination  processes. 

explained  by  nonuniform  distribution  of  carriers.  There 
is  no  evidence  that  this  mixed  conduction,  only  slightly 
visible,  is  due  to  nonuniformity  in  Hg  vacancy  distri¬ 
bution.  This  point  will  be  discussed  later. 

Measured  minority  carrier  lifetime  data  requires 
recombinations  from  SR  centers  in  order  to  get  a  good 
fit  throughout  the  entire  extrinsic  temperature  re¬ 
gion.  Figure  7b  shows  the  measured  lifetime  data,  on 
layer  #141  which  has  a  doping  of  7.8  x  1014  cm-3.  At 
80K,  measured  lifetime  is  lower  than  the  value  calcu¬ 
lated  from  the  recombination  by  Auger  plus  radiative 
processes.  The  same  SR  defect  level  which  is  located 
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Table  H.  Summary  of  the  Measured  and  Fitted  Parameters  of  MBS -Grown  Hg^Cd^Te  Layers 
that  were  Annealed  at  250°C  and  Post  Annealed  at  150°C 


Name 

Anneal  at  250°C 

Post  Anneal  at  150°C 

Nd 

(cur3) 

N.-N 

a  a 

(cm-3) 

j l  at  8  OK 
(cm2/v-s) 

Nd 

(cm"3) 

Nd  -  N. 
(cm-3) 

u  at  80K 
(cm2/v-s) 

069 

2.2  x  1016 

2.2  x  1016 

5.1  x  104 

2.2  x  1016 

2.2  x  1016 

5.3  x  104 

078 

3.0  xlO15 

2.3  x  101S 

9.7  x  10' 

2.9  x  1015 

2.8  x  1015 

8.8  x  104 

075 

2.3  x  10ir> 

2.2  x  1015 

9.5  xlO4 

2.7  x  1015 

2.7  x  1015 

8.6  x  IQ4 

077 

2.4  x  1015 

1.9  x  1015 

7.6  x  104 

3.1  x  10* 

3.1  x  1015 

5.4  x  104 

139 

1.9  x  IQ15 

1.4  x  1015 

7.0  x  104 

2.1  x  10li5 

2.1  x  IQ1* 

4.5  x  104 

082 

1.4  x  IQ15 

1.2  x  1015 

9.4  x  104 

— 

— 

1.6  x  IQ4 

«  (3/4)Ect  with  respect  to  the  valence  band  has  to  be 
used.  This  indicates  that  it  has  the  same  origin 
compared  to  the  layers  which  have  doping  levels 
between  1  x  1G15  cnr3  and  2  x  1015  cnr3.  As  we  have 
concluded  from  our  previous  article,4  we  believe  that 
these  SR  levels  are  somehow  related  to  the  Fig  vacan¬ 
cies. 

It  should  be  pointed  out  that  this  Hg  vacancy 
related  SR  defect  level  exists  in  all  the  In-doped  layers 
since  Hg- annealing  conditions  are  the  same.  How¬ 
ever,  the  correction  factor  (for  layer  #082  it  is  about 
1.2)  should  decrease  when  Nd  increases  (lifetime  de- 


1000 /T(K) 

Fig.  8.  Hall  characteristics  of  layer  #069,  #078,  and  #1 39  at  magnetic 
field  strength  of  0.4  T esla  after  250°C  (3)  and  post  1 50°C  (  )  anneals. 

creases)  and  therefore  it  can  be  neglected  and  this 
explains  why  this  SR  level  “is  not  seen”  in  layers  with 
higher  doping  levels. 

As  pointed  out  earlier,  compensation  from  Hg- 
vacancies  does  show  up  for  low-doped  as-grown  lay  ers 
as  well  as  for  low-doped  annealed  layers  at  250°C. 
Also,  the  observed  SR  defect  level  is  somehow  related 
to  the  Hg  vacancies.  Hence,  in  order  to  reduce  the  Hg 
vacancy  concentration  further  down,  these  layers 
were  annealed  at  150°C.  This  study  was  carried  out  in 
order  to  understand  the  limitation  of  the  current 
lower  limit  of  *2.0  x  IQ15  cm-3.  We  concentrated  more 
on  the  low-doped  layers  which  mostly  show  SR  recom¬ 
bination  in  the  extrinsic  temperature  region.  Table  II 
shows  the  measured  electrical  data  for  epilayers  an¬ 
nealed  at  250°C  and  post  annealed  at  150°C.  As  can  be 
seen  for  all  the  layers,  the  doping  level  Md  -  Na 
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increased  after  the  150°C  anneal.  The  increase  in  Nd 
-  Na  after  150°C  anneal  is  more  visible  as  the  doping 
decreases.  This  is  expected  since  Na  decreased  after 
anneal  at  150°C.  As  expected,  at  higher  doping  levels, 
this  reduction  in  Hg  vacancy  concentration  is  not 
noticeable.  This  indicates  that  compensation  should 
decrease  and  therefore,  both  electron  mobility  and 
minority  carrier  lifetime  should  increase.  But  from 
Table  II,  it  is  clear  that  a  decrease  in  electron  mobility 
for  all  the  layers  is  visible  except  for  layer  #069  which 
has  the  highest  doping  in  this  study.  Figure  8  shows 
Hall  curves  vs  reciprocal  temperature  of  three  se¬ 
lected  layers  which  falls  in  the  two  regions  that  we 
discussed  in  the  Fig.  3.  Data  on  Fig.  8  compares  after 
250°C  (O)  and  post  150°C  (  )  anneals.  For  layer  #139, 
mobility  curve  shows  mixed  conduction  effects  indi¬ 
cating  the  presence  of  nonuniformity  in  carrier  distri¬ 
bution  in  the  layer  after  annealed  at  150°C,  where  as 
no  nonuniformity  was  visible  after  the  250°C  anneal. 
Also,  minority  carrier  lifetime  is  reduced  after  a  post 
anneal  at  150°C  as  illustrated  in  Fig.  6b  for  layer 
#139.  In  addition,  the  fitting  of  the  lifetime  data  vs 
temperature  requires  recombination  from  SR  centers 
in  addition  to  the  band-to-band  recombinations.  The 
obtained  SR  energy  level  is  very  different  than  that  of 
Hg  vacancy  related  SR  centers.  We  obtained  Et  =  97 
meV  which  is  deep  below  the  conduction  band  edge 
and  is  about  (1/4)E  with  respect  to  the  valence  band 
edge. 

Similar  behavior  is  observed  for  layer  #077  after 
post  anneal  at  150°C.  Figure  9  shows  the  measured 
lifetime  data  vs  reciprocal  temperature.  Lifetime  data 
cannot  be  explained  by  intrinsic  band-to-band  recom¬ 
binations  alone.  As  seen  in  the  Fig.  9,  this  layer  shows 
very  complicated  recombination  mechanism  at  low 
temperatures. 

As  the  Hg  vacancy  concentration  falls  down  to  1012 
cm-3  range,  defect  level  associated  with  Hg  vacancies 
reduces.  But,  another  defect  level  which  has  a  differ¬ 
ent  origin  other  than  the  Hg  vacancy  becomes  impor¬ 
tant.  In  addition,  the  nonuniformity  in  carrier  distri¬ 
bution  is  much  more  pronounced  after  the  post  anneal 
at  150°C  rather  than  in  layers  annealed  at  250°C. 
Hence,  this  nonuniformity  is  neither  due  to  indium 
nor  due  to  Hg  vacancy  but  very  likely  due  to  nonuni- 
formly  distributed  impurities  (i.e.  brought  from  diffu¬ 
sion).  Diffusion  of  impurities  from  the  substrates 
appear  to  be  the  best  hypothesis  which  can  explain 
the  observed  results.  However,  it  is  not  very  clear  why 
these  impurity  associated  defect  levels  do  not  show  up 
after  250°C  annealing.  After  150°C  annealing,  the  Hg 
vacancy  related  defect  level  diminishes  and  an  impu¬ 
rity  related  defect  level  starts  to  appear.  It  seems  that 
these  impurities  are  more  electrically  active  when 
both  indium  and  Hg  vacancy  concentrations  are  low. 
In  this  case,  these  nonuniformly  distributed  elec¬ 
trically  active  impurities  give  mixed  conduction  which 
will  dominate  the  transport  properties.  Therefore, 
even  after  careful  screening,  it  seems  that  CdZnTe 
substrates  are  the  source  of  contamination  for  low 
doped  HgCdTe  epilayers  grown  by  MBE.  Hence,  the 


doping  level  Nd  -  Na  =  2.0  x  1015  cm-3  is  certainly  not 
the  lower  limit  achievable  in  terms  of  doping  in 
HgCdTe  grown  by  MBE. 

CONCLUSION 

In  this  work,  we  have  studied  the  transport  proper¬ 
ties  and  the  minority  carrier  lifetime  on  Hg2  xCdxTe 
layers  with  Cd  composition  ~  23.0%  ±  2.0%  From  a 
previous  study,1  we  have  selected  a  substrate  which 
gave  the  lowest  contamination  possible  in  terms  of 
diffusion  of  impurities.  On  these  substrates,  we  have 
been  able  to  control  the  doping  level  down  to  ~1015  cm-3 
level.  In  order  to  determine  the  origin  of  the  residual 
doping,  we  have  studied  the  transport  properties  of 
annealed  In-doped  HgCdTe  MBE  layers  grown  on 
these  selected  substrate.  When  the  doping  level  is 
above  ~2.0  x  1015  cnr3,  MBE-grown  layers  exhibit 
excellent  electrical  properties.  Measured  lifetime  data 
fits  very  well  with  the  intrinsic  band-to-band  recom¬ 
bination  mechanisms  above  2  x  1015  cm-3  of  doping 
levels.  Hence,  the  incorporation  of  indium  during  the 
growth  of  MBE  HgCdTe  is  under  control  down  to  the 
doping  levels  of  2  x  1015  cm-3,  and  the  excellent 
electrical  data  are  supported  by  the  measured  life¬ 
time  data,  indicating  the  high  quality  of  MBE-HgCdTe 
layers. 

Layers  annealed  at  250°C  show  compensation  by 
Hg  vacancies  when  the  doping  level  is  less  than 
2  x  1015  cm-3.  In  some  layers,  mobility  vs  reciprocal 
temperature  curves  start  to  reflect  nonuniformity  in 
carrier  distribution.  Minority  carrier  lifetime  vs  re¬ 
ciprocal  data  require  SR  recombination  centers  to  be 
included.  A  single  level  located  ~(3/4)Eg  with  respect 
to  the  valence  band  was  necessary  to  explain  the 
measured  data.  This  level  appeared  to  be  related  to 
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Fig.  9.  Dependence  of  minority  carrier  life  time  on  layer  #077  after  post 
anneal  at  150°C. 
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the  Hg  vacancies.  In  order  to  reduce  the  H g  vacancy 
concentration  down  to  1G12  cm-3  range,  we  have  an¬ 
nealed  these  layers  at  150°C.  Such  layers  had  lower 
mobility  and  minority  carrier  lifetime  values  com¬ 
pared  to  layers  annealed  at  250°C.  This  shows  an 
increase  in  the  nonuniformity  of  the  carrier  distribu¬ 
tion  after  the  anneal  at  150°C.  The  obtained  SR  defect 
level  has  a  different  origin  than  the  previously  ob¬ 
tained  Hg-vacancy  related  defect  level.  This  defect 
level  is  located  approximately  (1/4)Ect  with  respect  to 
the  valence  band.  It  seems  that  these  impurities  are 
more  electrically  active  when  both  indium  and  Hg 
vacancy  concentration  are  low.  Diffusion  of  impuri¬ 
ties  from  the  substrate  is  still  a  problem  which  limits 
the  lowest  doping  level  achievable  by  MBE.  Hence, 
the  current  lower  doping  ~2.Q  x  1015  cm-3  is  certainly 
not  the  lower  limit  achievable  by  MBE. 
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Compositional  Dependence  of  Cation  Impurity  Gettering 
in  Hg^CdjJe 
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Cation  impurity  gettering  in  Hg^Cd^Te  is  described  in  the  context  of  process 
models  which  include  the  interactions  of  the  impurities  and  the  dominant  native 
point  defects.  Experimental  results  are  presented  using  secondary  ion  mass 
spectroscopy  (SIMS)  profiles  of  Au  redistribution  in  Hg^Cd/Te  (x  =  0.2, 0.3, 0.4) 
following  Hg  anneals  and  ion  mills,  which  are  processes  known  to  inject  excess 
Hg  interstitials.  In  either  process,  the  IB  impurity  distributes  preferentially  to 
high  vacancy  regions.  The  junction  depth  of  the  low  to  high  impurity  transition 
is  determined  by  SIMS.  For  Hg-rich  anneals  of  Au-doped  high  vacancy  concen¬ 
tration  material,  the  impurity  junction  behavior  with  respect  to  anneal  time  and 
temperature  is  compared  to  that  expected  for  type  converted  electrical  junctions 
in  vacancy-only  material.  For  milled  Au-doped  Hg0  7Cd0  gTe  with  a  high  vacancy 
concentration,  the  impurity  junction  depths  are  approximately  proportional  to 
the  amount  of  material  removed,  as  was  the  case  withx  =  0.2  material.  Hg  anneal 
type-conversion  rates  are  found  to  have  a  strong  compositional  dependence 
which  compares  favorably  with  the  strong  self-diffusion  coefficient  dependence 
on  x-value.  In  contrast,  the  mill  conversion  rate  has  a  weak  x-value  dependence. 
Effects  of  trace  vs  dominant  Au  levels  compared  to  the  background  vacancy 
concentration  are  quantified.  True  decoration  of  intrinsic  defect  processes 
requires  [Au]«[Cation  Vacancies]. 

Key  words:  Defect  interactions,  HgCdTe,  impurity  gettering,  native  point 
defects 


INTRODUCTION 

Diffusion  experiments  in  HglxCdxTe  have  tradi¬ 
tionally  focused  upon  x  =  0.2  material  for  long  wave¬ 
length  infrared  (LWIR)  imaging  applications.  Inves¬ 
tigation  of  the  existence  region  and  of  fundamental 
diffusion  phenomena  such  as  Hg  self-diffusion  and 
type-conversion  of  vacancy  doped  material  are  well 
documented  for  LWIR  material.1-11  Indeed,  this  rela¬ 
tively  complete  information  set  has  been  instrumen¬ 
tal  in  the  development  of  comprehensive  point  defect 
models  to  describe  diffusion  in  Hg0  8Cd0  2Te.12-15  How¬ 
ever,  these  models  do  not  quantitatively  treat  mid¬ 
wave  (MWIR,  x  =  0.3)  nor  short-wave  (SWIR,  x  =  0.4) 
Hgl  xCd,.Te.12  This  limitation  is  due  in  large  part  to 
the  incomplete  diffusion  characterization  of  the  x  * 
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0.2  compositions  available  in  the  literature.  In  addi¬ 
tion  to  the  native  point  defect  physics,  interaction 
mechanisms  of  impurities  such  as  Au  and  Cu  have  not 
been  extensively  investigated  for  these  shorter  wave¬ 
length  materials.  By  comparison,  group  IB  cation 
impurity  redistribution  in  Hg0  8Cd0  2Te  has  been  stud¬ 
ied  in  detail  for  Hg  anneals  and  ion  etching.14'16  Group 
IB  doped  LWIR  material  has  demonstrated  promise 
as  the  base  material  for  high  performance,  stable  ion 
implanted  homojunctions.  In  this  report,  we  will 
present  experimental  and  modeling  results  for  the 
redistribution  of  IB  cation  impurities  in  MWIR  and 
SWIR  Hg,_xCdxTe.  These  results  will  be  contrasted  to 
what  is  observed  experimentally  in  LWIR  material. 
In  addition,  the  differences  observed  will  be  discussed 
in  the  context  of  anticipated  variable  x  dependencies 
based  upon  Hg  self-diffusion  data.3 
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Fig.  1 .  Comparison  of  intrinsic  carrier  concentrations  and  phase  limits 
at  processing  temperatures  for  compositions  of  (a)  x  =  0.2  and  (b)  x  = 
0.4.;  ’7'18  I  he  existence  region  is  bound  by  the  Hg  and  Te-saturated 
conditions  from  low  to  high  vacancy  concentration,  respectively. 


REVIEW  OF  POINT  DEFECT 
KINETICS  MODELING 

Process  models  which  define  point  defect  inter¬ 
actions  and  quantify  macroscopic  diffusion  phe¬ 
nomenon  in  LWIR  material  have  previously  been 
presented  and  discussed  in  detail.12-14  These  models 
are  based  on  continuity  equations  which  track  the 
motion  of  each  point  defect  by  diffusion  or  drift,  and 
terms  which  define  the  generation  and  recombination 
(G-R)  processes.  The  G-R  terms  are  based  upon  first 
order  reaction  kinetic  descriptions  of  the  dominant 
quasi-chemical  reactions  between  the  important  point 
defects.  In  describing  group  IB  impurities,  the  four- 
point  defect  species  of  interest  are  the  Hg  interstitials, 
cation  vacancies,  impurity  interstitials,  and  substitu¬ 
tional  impurities.  The  interactions  of  interest  are  the 
Frenkel,  Frank-Turnbol,  and  kickout.  The  Frenkel 
reaction  involves  the  recombination  of  Hg  interstitials 
and  cation  vacancies  or  the  generation  of  these  in  the 
reverse  direction  by  having  a  Hg  on  a  cation  site  move 
into  an  interstitial  position.  The  Frank-Turnbol  in¬ 
teraction  is  similar  to  the  Frenkel,  except  it  involves 
Au  instead  of  Hg.  The  kickout  mechanism  drives 
substitutional  Au  off  of  its  site  through  a  “kickout” 


interaction  with  a  Hg  intertitial.  In  the  reverse  direc¬ 
tion,  Au  interstitials  “kickout”  substitutional  Hg.  In 
LWIR  material,  drift  terms  are  typically  neglected 
since  the  relatively  small  bandgap  (0.12  eV)  results  in 
intrinsic  material  under  most  process  conditions. 

Discussions  in  Refs.  13  and  14  have  begun  to  out¬ 
line  the  kinetic  formalisms  for  variable  composition 
systems.  The  key  differences  in  the  models  necessary 
for  shorter  wavelength  material  regard  the  need  to 
quantify  the  compositional  dependence  of  the  interac¬ 
tion  parameters  and  the  point  defect  diffusion  coeffi¬ 
cients,  since  the  specific  kinetics  and  thermodynam¬ 
ics  are  undoubtedly  functions  of  composition.  Drift 
terms  to  provide  for  ionized  point  defect  motion  and 
corresponding  built-in  electric  fields  are  necessary 
since  the  material  may  not  be  intrinsic  at  typical 
process  temperatures.  In  addition,  the  kinetic  de¬ 
scription  and  solution  is  complicated  by  gradients  in 
composition,  though  these  are  neglected  in  the  present 
discussion  since  the  materials  under  investigation 
are  homogeneous.  A  modeling  approach  for  the  gen¬ 
eral  x-value  system  has  been  described  in  Ref.  14, 
where  we  developed  a  set  of  continuity  equations  for 
the  interdiffusion  problem.  Perhaps  the  most  signifi¬ 
cant  barrier  is  the  lack  of  a  complete  experimental 
database  in  the  literature  for  x  *  0.2  material,  though 
several  investigators  have  provided  some  of  the  nec¬ 
essary  information.1'3’17’18 

The  present  understanding  of  the  intrinsic  carrier 
concentrations  and  phase  limits  is  summarized  for  x 
=  0.2  and  0.4  material  in  Figs,  la  and  lb,  respec¬ 
tively.  The  thick  lines  are  the  phase  limits  plotted  as 
two  times  the  respective  vacancy  concentrations  (as¬ 
suming  doubly  ionized  vacancies).  The  thin  lines  are 
various  determinations  of  the  intrinsic  carrier  con¬ 
centrations.  The  measured  intrinsic  carrier  concen¬ 
trations  are  given  by  the  thin  solid  lines  below  80°C.19 
The  dashed  extensions  are  extrapolations  of  an  em¬ 
pirical  fit  to  the  lower  temperature  data.  As  discussed 
in  Ref.  14,  the  pressure  dependence  near  the  Te- 
saturated  limit  may  be  used  to  determine  the  intrin¬ 
sic  carrier  concentration  based  on  equilibrium  point 
defect  relationships.  The  upper  dot-dashed  curve  in 
Fig.  la  was  determined  by  Vydyanath  utilizing  such 
an  analysis.1  It  is  not  clear  why  Vydyanath’s  intrinsic 
carrier  concentrations  are  much  higher  than  the  ex¬ 
trapolation  of  the  low  temperature  experimental  data. 
The  uncertainty  is  indicated  in  the  figure  by  the 
shaded  region.  Based  on  a  similar  study  of  the  x  =  0.4 
phase  limits  above  400°C,  Vydyanath  determined 
that  the  material  was  extrinsic  in  all  cases.17  This 
restricts  the  intrinsic  carrier  concentrations  to  values 
below  the  lower  dot-dashed  curve  calculated  by 
Brebrick  and  shown  in  Fig.  lb.18  However,  there  is 
some  question  as  to  the  accuracy  of  Brebrick’s  calcu¬ 
lations,  since  they  do  not  match  the  measured  intrin¬ 
sic  carrier  concentrations  at  room  temperature. 
Vydyanath’s  intrinsic  carrier  concentrations  also  fall 
far  below  the  extrapolated  low  temperature  experi¬ 
mental  results.  The  uncertainty  is  roughly  indicated 
by  the  shaded  area.  The  intrinsic  carrier  concentra- 
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tions  at  process  temperatures  will  need  to  be  better 
defined  in  order  to  quantify  electric  field  effects  dur¬ 
ing  processing. 

In  addition  to  establishing  the  phase  limits  for 
other  x-values,  type-conversion  analyses  in  these 
materials  will  also  be  required  in  order  to  resolve  the 
Hg  interstitial  and  vacancy  diffusion  components. 
The  Au  gettering  results  presented  in  this  paper  for 
Hg-rich  anneals  indicate  that  the  type-conversion 
rate  in  x  =  0.4  material  is  substantially  reduced.  This 
is  consistent  with  the  much  smaller  Hg-rich  self¬ 
diffusion  coefficients  reported  by  Archer  et  al.  for  x  = 
0.4  material.3 

RESULTS  AND  DISCUSSION 

In  this  section,  we  will  present  and  discuss  the 
experimental  results  of  Au  gettering  experiments  in 
HglxCdxTe  (x  =  0.2, 0.3, 0.4).  The  samples  are  liquid 
phase  epitaxy  (LPE)  films  grown  from  an  indium 
counterdoped  melt  on  Au-doped,  CdZnTe  lattice 
matched  substrates.  Extrinsic  P-type  doping  of  the 
LPE  layer  was  achieved  through  a  post-growth  an¬ 
nealing  schedule  which  ultimately  results  in  a  low 
background  vacancy  concentration  (~1013  cm-3).  The 
high  background  vacancy  levels  are  set  through  sub¬ 
sequent  Hg  poor  anneals  using  a  Te-rich  capping 
layer.  The  capping  layer  and  several  microns  of 
Hgl  xCdxTe  are  then  stripped  by  wet  etching,  prior  to 
the  Hg  interstitial  injection  process. 

The  Au  profiles  are  measured  by  secondary  ion 
mass  spectroscopy  (SIMS)  using  14.5  keV  Cs  ions 
with  a  resulting  material  etch  rate  of  roughly  30A/s. 
While  it  has  been  established  that  ion  milling  can 
significantly  alter  the  point  defect  densities  in 
Hg^.Cd.  Te,  this  process  typically  utilizes  Ar  ions  at  a 
much  lower  energy  of  0.5  keV.  The  validity  of  the 
SIMS  technique  in  measuring  the  actual  Au  distribu¬ 
tions  in  high  concentration  regions  has  previously 
been  established.16  However,  the  low  levels  observed 
in  near  surface  regions  depleted  of  Au,  are  believed  to 
be  an  artifact  resulting  from  kinetic  gettering  to  the 
surface  of  some  Au  during  the  SIMS  etch.16 

Gettering  Dependence  on  An  Concentration 
(x  =  0.2) 

The  use  of  extrinsic  impurity  gettering  to  decorate 
underlying  point  defect  processes  and  distributions  is 
not  new.  In  1983,  Bubulac  et  al.  reported  gettering  of 
Li  to  implant  damage,  inclusions,  and  cation  vacan¬ 
cies  in  LWIR  and  MWIR  material.20  Indeed,  these 
authors  suggested  the  use  of  Li  as  an  analytical  tool 
for  understandingjunction  formation  processes,  which 
is  the  subject  of  the  present  investigation  using  Au, 
though  Au  itself  is  of  interest  for  device  applications, 
since  it  has  important  implications  for  extrinsically 
doped  photodiodes.  Schaake  et  al.  used  Cu  in  LWIR 
material  to  quantify  type  conversion  rates  as  well  as 
the  Hg-rich  phase  limits  at  low  temperature  (200°C) 
through  equilibrium  point  defect  relationships.2’21 
More  recently  we  have  used  Au  to  study  Hg  annealing, 
ion  milling,  and  ion  implantation  in  LWIR  material . 14’16 


For  the  temperatures  used  in  our  experiments,  the 
vacancy  diffusion  contribution  to  the  junction  profile 
is  likely  negligible.12-14  The  intrinsic  point  defect  pa¬ 
rameter  values  maybe  calculatedusingthe  SUMerCad 
simulator  or  the  relationships  presented  in  Ref.  12. 
Neglecting  vacancy  diffusion,  in  the  steady  state  limit 
of  the  kinetic  formulation,14’21 

xj  _  2  D j  iR  (1) 

t  fv0 

where  x.  is  the  junction  depth,  t  is  the  Hg  anneal  time, 
D;  is  the  Hg  interstitial  diffusivity,  i^  is  the  Hg-rich 
interstitial  concentration,  v0  is  the  initial  vacancy 
concentration,  and  f  is  the  interstitial  sink  factor.  If 
only  vacancies  consume  interstitials,  then  f  =  1.  If 
extended  defects  consume  Au  interstitials  without 
liberating  Hg  interstitials,  then  the  incoming  Hg 
interstitials  must  fill  the  original  vacancies  plus  va¬ 
cated  Au  sites  for  the  j unction  to  progress.  In  addition, 
if  extended  defects  consume  Hg  interstitials,  then  f  is 
given  by, 

fvo  =  v0  +  [Net  Au  interstitials  consumed  by 
non-Hg  interstitial  liberating  defects]  + 

+  [Net  H  interstitials  consumed  by 

nonvacancy  defects], _ (2) 


a 


Fig.  2.  Effect  of  Au  concentration  on  redistributed  Au  profiles  for  (a) 
1 75°C  for  1  h  and  (b)  205°C  for  1  h  Hg  anneals  of  300°C  Te  equilibrated 
Hg08Cd02Te.  The  sample  numbers  are  identified  in  the  figure  and  can 
be  referenced  in  Table  I. 
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Table  I.  Summary  of  Initial  Te-Kich  Equilibration,  Hg'  Anneal  Conditions,  and  Junction  Depths 
Determined  from  Au  SIMS  Profiles  for  all  Samples 


An  Cone, 

Estimated 

Te  Equil- 

Hg 

Hg 

1/2  Max 

Sple. 

X- 

Vacancy  Cone. 

ibrium 

Anneal 

Anneal 

Junction 

x.2  v/2t 

value 

(cm-3) 

(cm-3) 

Temp.  (°C) 

Temp.  (°C) 

Time  (h) 

Depth  (|Um) 

(cnrVs) 

f 

1 

0.2 

9.8  x  1013 

4.8  x  IQ16 

300 

175 

1 

2.5 

4.2  x  IQ5 

2.79 

2 

0.2 

2.4  x  1016 

4.8  x  1016 

300 

175 

1 

1.75 

2.0  x  105 

5.85 

3 

0.2 

9.8  x  IQ15 

4.8  x  1016 

300 

205 

1 

6.8 

3.1  x  106 

2.65 

4 

0.2 

2.4  x  1016 

4.8  x  1016 

300 

205 

1 

5.95 

2.4  x  106 

3.43 

5 

0.2 

1.8  x  1016 

4.8  x  1016 

300 

175 

1 

2.55 

4.3  x  105 

2.72 

6 

0.2 

1.8  x  1016 

4.8  x  1016 

300 

205 

1 

6.4 

2.7  x  106 

3.05 

7 

0.2 

2  x  10i6 

1.2  x  1017 

350 

205 

1 

4.4 

3.2  x  IQ6 

2.57 

8 

0.3 

3  x  1016 

8  x  1016 

350 

205 

4 

5.5 

8.8  x  105 

9 

0.3 

3  x  1016 

8  x  1016 

350 

205 

16 

12.0 

1.0  x  106 

10 

0.3 

3  x  1016 

8  x  1016 

350 

225 

4 

9.0 

2.2  x  106 

11 

0.4 

9x  1017 

4  x  1016 

350 

205 

4 

1.0 

1.4  x  104 

12 

0.4 

9  x  IQ17 

4  x  1016 

350 

205 

16 

2.05 

1.5  x  IQ4 

— 

Depth  (pm) 


Fig.  3.  Redistributed  Au  profiles  for  205°C  Hg  anneals  of  350°C  Te 
equilibrated  Hg07Cd03Te  for  anneal  times  of  4  and  1 6  h.  The  sample 
numbers  are  identified  in  the  figure  and  can  be  referenced  in  Table  I. 


where  the  second  term  may  always  be  neglected  if 
Au«vo,  but  is  not  necessarily  important  when  Au>vo. 
Recall  that  if  vacancies  below  the  junction  are  the 
only  net  consumers  of  Au  interstitials  from  the  con¬ 
verted  side,  net  Hg  interstitials  will  come  from  the  p- 
side  to  take  part  in  the  vacancy  annihilation  process. 
This  occurs  because  recombination  of  Au  interstitials 
through  the  Frank-Turnbol  interaction  lowers  the 
vacancy  concentration,  which  in  turn  drives  the 
Frenkel  reaction  to  generate  additional  vacancies 
and  Hg  interstitials  to  maintain  equilibrium. 

In  using  extrinsic  impurities  for  understanding 
and  quantifying  formation  processes,  care  must  be 
exercised  to  ensure  that  the  presence  of  the  decorat¬ 
ing  impurity  does  not  affect  the  interactions  and 
resulting  distributions  of  the  intrinsic  defects  under 
study.  An  example  of  such  an  effect  in  Hg0  gCd0  2Te  is 
demonstrated  by  Au  SIMS  profiles  in  Fig.  2a 'for  a 


Fig.  4.  Redistributed  Au  profiles  for  205°C  Hg  anneals  of  350°C  Te 
equilibrated  Hg0  6Cd0  4T e  for  anneal  times  of  4  and  1 6  h.  The  Au/v0  ratio 
in  this  material  is  22.5.  The  sample  numbers  are  identified  in  the  figure 
and  can  be  referenced  in  Table  I. 

175°C  lh  Hg  anneal  and  Fig.  2b  for  a  205°C  lh  Hg 
anneal,  as  a  function  of  the  concentration  of  the 
decorating  impurity.  The  initial  background  vacancy 
concentration  was  set  by  a  Te-rich  anneal  at  300°C 
which  results  in  a  background  vacancy  concentration 
of  roughly  4.8  x  1018  cm-3.2  The  Au  levels  used  for 
decoration  were  9.8  x  1013  cm-3  and  2.4  x  1016  cm-3.  The 
Au  to  vacancy  ratio  (Au/vo)  is  0.2  and  0.5,  respectively. 
Clearly,  the  junctions  are  shallower  for  the  higher  Au 
content  indicating  a  Au/vo<0.5  is  required.  Whether 
0.2  is  sufficient  is  still  a  question,  though  a  look  at  the 
interstitial  sink  factor,  f,  yields  further  insight.  The  f 
values  for  all  x  =  0.2  samples  are  summarized  in  Table 
I,  where  the  (D;  iR)  product  was  determined  by  using 
the  SUMerCad  simulator.  For  samples  1,  3,  and  7, 
Au/vo  is  <  0.2  yielding  an  average  f  of  2.67.  This  is  an 
indication  that  net  Hg  interstitials  are  being  con¬ 
sumed  by  nonvacancy  defects.  For  twice  as  much  Au, 
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or  Au/v0  =  0.4,  the  average  f  was  2.89;  and  for  Au/v0  = 
0.5,  the  average  f  was  4.64  for  two  samples.  The 
saturation  observed  from  0.5  down  to  0.2  indicates 
Au/vo  <0.2  may  be  adequate  for  decoration.  However, 
note°that  the  apparent  strong  dependence  of  f  on 
A u/v  may  be  exaggerated  by  sample  #2  which  has  an 
f  seemingly  inconsistently  higher  than  the  other 
samples.  Neglecting  this  sample,  a  slope  of  1  for  f  vs 
Au/vo  fits  most  of  the  data  adequately.  However,  the 
limited  data  set  is  insufficient  to  determine  whether 
or  not  f  increases  at  a  rate  higher  than  a  simple 
contribution  from  the  additional  Au  lattice  sites. 

A  more  comprehensive  set  of  experiments  is  neces¬ 
sary  to  understand  the  effect  of  Au/v0  on  f,  as  well  as 
to  quantify  what  material  properties  (such  as  which 
extended  defects)  give  rise  to  an  f  which  is  signifi¬ 
cantly  greater  than  1  for  Au/vo  «  1. 

Ambient  Anneal  Au  Gettering  (x  =  0.3, 0-4) 

In  this  section,  we  will  study  the  dependence  of  the 
Au  redistribution  in  an  initially  uniform  high  vacancy 
background  for  MWIR  and  SWIR  material  following 
Hg-rich  anneals;  as  a  function  of  anneal  time  and 
temperature.  As  was  found  for  the  LWIR  material  in 
a  previous  study,  the  observed  behavior  of  the  low  to 
high  Au  transition  is  consistent  with  that  expected  for 
type  converted  electrical  junctions  in  vacancy-only 
material.16 

We  have  studied  the  time  dependence  of  Hg  anneal 
induced  Au  redistribution  in  high  vacancy  uniformly 
Au-doped  MWIR  by  comparing  4  and  16  h  205°C  Hg- 
rich  anneals  of  350°C  Te  equilibrated  material.  The 
resulting  Au  distributions  are  shown  in  Fig.  3,  and  the 
experiment  is  summarized  in  Table  I  for  samples  8 
and  9.  From  Eq.  (1),  we  expect  the  vacancy  junction  to 
go  roughly  as  the  square  root  of  time  for  Hg  anneals. 
Based  on  the  kinetic  models,  we  expect  the  vacancy 
junction  to  correspond  approximately  to  the  position 
of  the  steep  Au  rise.  From  Fig.  4,  we  estimate  junction 
depths  of  5.5  and  12.0  pm  for  the  4  and  16  h  anneals, 
respectively.  The  depth  ratio  is  2.2,  which  compares 
well  to  two  for  square  root  [consistent  with  Eq.  (1)], 
rather  than  four  for  linear.  The  f  of  these  samples 
could  not  be  determined  since  unlike  Hg08Cd0  2Te,  the 
D;  and  iE  product  has  not  been  well  established  for 
Hg0  7Cd0  3Te.  From  interpolation  of  the  phase  limits  in 
Fig.  1  between  x  =  0.2  and  x  =  0.4,  we  estimate  the 
vacancy  concentration  following  a  350°C  Te  equili¬ 
bration  anneal  to  be  8  x  1016  cm-3.  This  yields  a  Au/v0 
ratio  of  roughly  0.4  for  all  of  the  x  =  0.3  samples.  If  we 
assume  f  is  independent  of  composition  and  neglect 
electric  field  effects,  then  (D.  iR)  is  approximately 
2.7  x  106  cmrVs  using  f  =  2.89.  In  contrast,  at  205°C  (D; 
iE)  is  8.2  x  106  cnrVs  in  Hg08Cd02Te. 

Hg06Cd04Te  samples  were  processed  in  the  same 
manner  as  the  two  MWIR  samples  discussed  above. 
The  resulting  Au  distributions  are  shown  in  Fig.  4, 
and  the  experiment  is  summarized  in  Table  I  for 
samples  11  and  12.  From  Fig.  4,  we  determine  junc¬ 
tion  depths  of  1.0  and  2.05  pm  for  the  4  and  16  h 
anneals,  respectively.  The  depth  ratio  is  2.05,  which 


again  compares  favorably  with  the  behavior  pre¬ 
dicted  by  Eq.  (1).  The  f  of  these  samples  could  not  be 
determined  since  the  D;  and  iR  product  has  not  been 
established  for  Hg06Cd0  4Te.  From  the  phase  limits  in 
Fig.  lb,  we  estimate  the  vacancy  concentration  fol¬ 
lowing  a  350°C  Te  equilibration  anneal  to  be  4  x  1016 
cm-3.  This  yields  a  Au/vo  ratio  of  roughly  22.5  for  these 
samples.  Based  on  extension  of  the  dependence  of  f  in 
LWIR  material  on  the  Au/vo  ratio,  we  would  expect  f 
to  be  quite  large.  If  (D;  iR)  for  Hg06Cd04Te  at  205°C 
drops  by  the  same  factor  in  going  from  x  =  0.3  to  x  =  0.4 
as  was  observed  from  x  =  0.2  to  x  =  0.3,  (D,  iR)  would 
equal8.9x  106  crrrVs  andfwouldbe61,  again  neglect¬ 
ing  electric  field  effects.  However,  for  a  firm  deter¬ 
mination  of  (D;  iR),  the  experiment  will  need  to  be 
repeated  using  a  much  lower  Au  concentration. 

The  temperature  dependence  of  Hg  anneal  induced 
Au  redistribution  in  high  vacancy  uniformly  Au-doped 
Hg07Cd03Te  is  shown  in  Fig.  5  comparing  205  and 
225°C  4  h  Hg-rich  anneals  of  350°C  Te-equilibrated 
material.  The  experiment  is  summarized  in  Table  I 
for  samples  8  and  10.  From  Eq.  (1),  we  can  determine 
the  ratio  of  (D;  iR)  at  the  two  temperatures.  Using  a 
junction  depthratio  of  1.64,  (D;  iR)  at  225°C  is  found  to 
be  7.2  x  106  cnrVs  (again  assuming  f  =  2.89  and 
neglecting  electric  field  effects).  We  can  determine  an 
activation  energy,  and  write, 

( -1  OeVl 

D4R(x  =  0.3)  =  9.3xl016expl — ^ — I.  (3) 


Recall  that  the  Hg  self-diffusion  coefficient  is  given 

by, 


Depth  (pm) 

Fig.  5.  Redistributed  Au  profiles  for  4  h  205°C  vs  225°C  Hg  anneals  of 
350°C  T e  equilibrated  Hg0  7Cd0  3Te.  The  sample  numbers  are  identified 
in  the  figure  and  can  be  referenced  in  Table  I. 
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Depth  (pm) 

Fig.  6.  Redistributed  Au  profiles  for  2000  and  6000A  Ar  mills  of  350°C 
Te  equilibrated  Hg07Cd03Te. 

where  Co  is  the  density  of  Hg  lattice  sites.13  The  Hg  self- 
diffusion  coefficient  for  Hg0  7Cd0  3Te  is  then  given  by, 

DHg(x  =  0.3)  =  8.9  x  IQ-8  expf-d^^l,  (5) 


is  independent  of  composition  implies  a  vacancy  con¬ 
centration  of  2.8  x  1016  cm-3  for  the  350°C  x  =  0.3  Te- 
rich  anneal,  which  is  closer  to  the  x  =  0.4  phase  limits. 

SUMMARY  AND  CONCLUSIONS 

We  have  presented  a  number  of  experimental  re¬ 
sults  aimed  at  increasing  our  understanding  of  cation 
impurity  and  native  point  defect  diffusion  and 
gettering  mechanisms  in  Hgl  xCdxTe.  By  studying  Au 
gettering  in  Hg0  8Cd0  2Te  as  a  function  of  the  Au/vo 
ratio,  it  was  established  that  trace  amounts  of  the 
impurity  are  required  to  ensure  that  the  “decorating55 
impurity  does  not  in  fact  alter  the  apparent  underly¬ 
ing  intrinsic  point  defect  distributions  for  a  given 
type-conversion  process.  For  both  the  MWXR  and 
SWIR  material,  the  Hg  annealed  gettered  junction 
depth  followed  a  square  root  of  time  dependence  as 
predicted  by  the  steady  state  model  formalism.  How¬ 
ever,  the  Au/vo  ratios  in  these  materials  were  dramati¬ 
cally  different  with  estimates  of  0.4  for  the  MWIR  and 
22.5  for  the  SWIR.  The  junction  depths  in  the  SWIR 
material  were  almost  certainly  governed  by  the  high 
Au  concentration.  Finally,  since  the  mill  technique  is 
a  “kinetic55  injection  process  vs  the  “thermodynamic” 
interstitial  injection  from  a  Hg  ambient  anneal,  a 
weak  compositional  dependence  of  the  mill  Hg  inter¬ 
stitial  injection  rate  was  found. 


compared  to, 
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for  Hg0  8Cd0  2Te.3 

ForHg07Cd03Te,  we determineDH  =1.9xl0-14  cm2/ 
s  at  307GC  and  7.8  x  10~14  cm2/s  at  3^2°C.  The  values 
for  x  =  0.2  material  are  1.1  x  Iffi13  cm2/s  and  6.4  x  lffi13 
cm2/s,  respectively.  This  strong  dependence  of  the  Hg 
self-diffusion  coefficient  on  composition  compares  fa¬ 
vorably  with  that  reported  by  Archer  et  al.  in  Fig.  5  of 
Ref.  3  for  these  two  temperatures. 


Ion  Mill  An  Gettering  (x  =  0,3) 

In  our  previous  work,  we  reported  on  the  gettering 
of  Au  from  low  to  high  vacancy  regions  by  an  ion 
milling  process.16  For  300°C  Te  equilibrated 
Hg0  8Cd0  2Te,  the  type  conversion  observed  was  roughly 
9.3  times  the  amount  of  material  removed.  Since  the 
mill  technique  is  a  “kinetic”  injection  process  vs  the 
“thermodynamic”  interstitial  injection  from  a  Hg 
ambient  anneal,  the  compositional  dependence  of  the 
type  conversion  rate  by  milling  is  not  expected  to  be  a 
strong  function  of  composition.  Secondary  ion  mass 
spectroscopy  profiles  are  shown  in  Fig.  6  for  2000  and 
600QA  mills  of  350°C  Te  equilibrated  Hg07Cd03Te. 
The  junction  depths  are  3.2  and  9.8  pm,  respectively, 
yielding  a  conversion  rate  of  approximately  16  times 
the  amount  of  material  removed.  This  high  conversion 
rate  is  an  indication  that  the  estimate  of  8  x  1016  cm-3 
for  the  vacancy  concentration  established  by  interpo¬ 
lation  from  the  phase  limits  shown  in  Fig.  1  may  be 
too  high.  Assuming  the  Hg  interstitial  injection  rate 
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Studies  on  the  diffusion  of  iodine  into  CdTe,  mercury  cadmium  telluride 
(Hg08Cd02Te,  referred  to  as  MCT)  and  zinc  cadmium  telluride  (Zn006Cd095Te, 
referred  to  as  ZCT)  in  the  temperature  range  of  20  to  600°C  are  compared  and 
discussed.  The  concentration  profiles  were  measured  using  a  radiotracer  sec¬ 
tioning  technique.  As  with  the  diffusion  studies  using  the  halogens  into  CdTe, 
the  profiles  were  composed  of  four  parts  to  which  a  computer  package  consisting 
of  the  sum  of  four  complementary  error  functions  (erfc)  gave  satisfactory  fits.  The 
diffusivity  for  the  diffusion  of  iodine  into  MCT  was  faster  than  for  the  diffusion 
into  CdTe,  which  was  faster  than  for  the  diffusion  into  ZCT.  The  high  diffusivity 
for  the  fastest  profile  part  at  20°C  indicates  that  when  iodine  is  diffused  from  the 
vapor  into  these  materials,  it  is  not  a  suitable  long  term  stable  dopant  in  devices 
where  sharp  junctions  are  required. 
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INTRODUCTION 

Despite  recent  advances  in  materials  technology,  it 
remains  a  difficult  task  to  control  the  conductivity 
and  to  maintain  a  stable  junction  in  p-n  junction 
devices  manufactured  from  II-VI  semiconducting 
materials.  Consequently,  it  is  vital  that  the  rates  of 
diffusion  of  appropriate  dopants  through  the  host 
material  are  known  so  that  the  most  suitable  one  can 
be  selected  for  a  particular  device.1 

Indium  has  been  the  most  widely  used  n-type  dopant 
in  CdTe  and  (Hg/M^JTe,  but  as  it  has  proved  to  be  a 
fairly  fast  diffusant2  attention  has  been  directed  to 
the  halogens,  which  are  expected  to  reside  on  anion 
sites.  In  this  case,  different  diffusion  mechanisms  will 


(Received  October  4,  1994;  revised  December  15,  1994) 


operate  which  may  be  much  slower.  The  halogens  are 
now  used  on  a  regular  basis  as  n-type  dopants  in 
devices  which  are  grown  epitaxially.1  However,  mea¬ 
surements  on  the  diffusion  of  iodine  into  CdTe  from 
the  vapor  produced  complex  diffusion  profiles  which 
could  be  fitted  empirically  by  a  function  composed  of 
the  sum  of  four  complementary  error  functions  giving 
four  values  for  the  diffusivity  D4  to  D4.  The  results  can 
be  summarized  by  the  following  Arrhenius  param¬ 
eters:3 

Q.  =  (0.21  ±  0.05)  eV,  D01  =  (7  ±  3)  •  10"11  cm2  s-1, 

Q  =  (0.29  ±  0.04)  eV,  D02  =  (2.1  ±  0.8)  •  10~13  cm2  s-1, 
Q„  =  (0.28  ±  0.03)  eV,  D03  =  (3.8  ±  1.2)  •  10~14  cm2  s-1, 
Q4  =  (0.28  ±  0.05)  eV,  D04  =  (2.1  ±  1.6)  •  10~1B  cm2  sA 

These  Arrhenius  parameters  indicate  that  iodine  is  a 
fairly  fast  diffusant  if  diffused  from  an  external  source, 
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Fig.  1 .  A  concentration  profile  for  the  diffusion  of  Cd  l2  into  Zn0  05Cd0  Q5Te 
(ZCT)  for  a  diffusion  carried  out  at  600°C  for  2.7  days.  The  four  parts 
of  the  profile  (labeled  can  be  seen  clearly.  The  two  components 
which  occur  near  the  surface  of  the  slice  (D1  and  D2)  are  shown  under 
high  resolution  in  (a)  and  the  whole  profile  is  shown  in  (b). 

producing  diffusivities  of  10~14  cm2  s-1  for  the  fastest 
diffusing  component  at  20°C.  In  addition,  surface 
concentrations  of  up  to  1023  cm-3  at  200°C  were  ob¬ 
served  for  the  slowest  diffusing  component  Dr3 
It  must  be  emphasized  that  the  erfc  relationship 
and  the  resulting  diffusivity  applies  only  when  well- 
defined  boundary  conditions  are  specified.4  In  the 
case  of  the  diffusion  of  group  II  impurities  into  GdTe, 
two  component  diffusion  profiles  are  common  and 


their  occurrence  is  well  documented.5  In  spite  of  using 
well-defined  boundary  conditions  for  the  diffusion  of 
iodine  into  CdTe,  profiles  with  four  distinct  compo¬ 
nents  were  obtained,  resulting  in  four  empirical  val¬ 
ues  of  the  diffusivity.  All  four  diffusivities  were 
independent  of  time  and  gave,  when  plotted  as  a 
function  of  inverse  temperature,  reproducible  re¬ 
sults,3’6  which  agreed  with  previously  published  data. 

Chlorine  diffusion  into  CdTe  has  been  reported  by 
Shaw  and  Watson2  and  more  recently  by  Jones  et  al.7 
In  both  cases,  complex  profiles  were  observed,  but 
recent  advances  in  the  sectioning  techniques  devel¬ 
oped  by  the  authors  have  enabled  better  resolved 
profiles  to  be  obtained.  The  diffusion  profiles  thereby 
revealed  were  found  to  be  even  more  complex  but  were 
fitted  mathematically  by  a  function  composed  of  the 
sum  of  four  complementary  error  functions  in  a  way 
similar  to  that  used  for  the  diffusion  of  iodine  into 
CdTe.3 The  proj ected  room  temp erature  diffusivity  for 
the  fastest  profile  part  of  the  chlorine  diffusion  pro¬ 
files  (6  •  10-25  cmV1)7  was  much  lower  than  the 
corresponding  one  of  the  iodine  profiles.  Again  sur¬ 
face  concentrations  of  up  to  1023  cm-3  at  200°C  were 
observed  for  the  slowest  diffusing  component,  Dr 

More  recently  measurements  on  the  diffusion  of 
bromine  into  CdTe  have  been  reported8  and  again 
four  component  profiles  were  obtained.  The  value  of 
the  activation  energies  for  all  four  components  were 
similar  to  those  for  the  iodine  diffusion,  but  the 
surface  concentrations  were  independent  of  tempera¬ 
ture,  giving  a  value  of  1019  cm"3  for  the  slowest  diffus¬ 
ing  component. 

A  model  was  proposed3’6’7  to  account  for  these  four 
component  profiles.  The  first  component,  D15  was  due 
to  the  formation  of  an  eutectic  layer  involving  CdTe 
and  a  compound  of  the  form  CdnXm  (X  is  either  I,  Cl  or 
Br,  n  and  m  are  integers)  formed  by  a  chemical 
reaction  between  CdX^  and  CdTe  and  the  subsequent 
diffusion  of  the  halogen  in  the  form  of  the  defect 
complex  (VcdXTe)x  accounted  for  the  second  compo¬ 
nent,  D2.  The  formation  of  precipitates  within  the 
CdTe  slice  and  the  subsequent  diffusion  from  these 
precipitates  through  dislocations  were  responsible 
for  the  third  and  fourth  components,  D3  and  D4, 
respectively.  Different  values  of  the  activation  ener¬ 
gies  for  the  diffusion  of  chlorine  into  CdTe  as  com¬ 
pared  with  iodine  were  possibly  due  to  the  different 
electro-negativities  of  those  elements  and  their  re¬ 
lated  binding  strength  to  a  Cd  vacancy. 

EXPERIMENTAL  TECHNIQUES 

Both  the  MCT  slices,  supplied  by  GEC  Marconi 
Infrared,  Southampton,  and  the  ZCT  slices,  supplied 
by  the  University  of  Durham,  were  in  a  polished  state 
when  received  and  so  no  further  prediffusion  surface 
preparation  was  necessary.  The  epitaxial  layers  of 
MCT,  which  were  grown  by  metalorganic  vapor  phase 
epitaxy  (MOVPE),  were  also  supplied  by  GEC  Marconi 
Infrared,  Southampton,  and  were  grown  as  described 
by  Maxey  et  al.1 

In  the  diffusions,  the  slices  were  sealed  in  evacu- 
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ated  silica  capsules  with  sufficient  tracer  material, 
Cdl2  containing  radioactive  iodine,  to  maintain  the 
vapor  pressure  due  to  Cdl2  at  saturation  values 
throughout  the  anneals.  The  anneals  were  carried  out 
under  isothermal  conditions  in  horizontal  tube  fur¬ 
naces. 

The  temperature  ranges  used  were  200— 600°C  for 
the  diffusion  of  iodine  into  ZCT,  and  20— 310°C  for 
MCT.  To  prevent  deterioration  of  the  surfaces  of  the 
MCT  slices  during  the  diffusion  anneal  due  to  the  out- 
diffusion  of  mercury  from  the  slices,  elemental  mer¬ 
cury  was  added  to  the  diffusion  source.  The  high 
saturation  vapor  pressure  of  mercury,  which  exceeds 
one  atmosphere  at  temperatures  above  360°C,  im¬ 
posed  an  upper  limit  for  the  MCT  anneals  on  safety 
grounds. 

The  concentration  profiles  for  the  iodine  diffused 
CdTe  slices  were  measured  using  RTS9  at  Coventry 
University.  A  combination  of  anodic  oxidation9  (sec¬ 
tion  thickness  0.006-0.2  pm  to  a  depth  of  2  pm)  and 
bromine  etching  (section  thickness:  0.3-5  pm  to  a 
depth  of  30  pm)  was  used  on  mesa  shaped  slices  of 
CdTe.9  The  iodine  concentration  was  measured  di¬ 
rectly  using  a  liquid  scintillation  counter. 

RESULTS  AND  DISCUSSION 

The  diffusion  profiles  which  were  obtained  in  all 
experiments  showed  four  distinct  regions  and  a  func¬ 
tion  composed  of  the  sum  of  four  complementary  error 
functions  gave  satisfactory  fits  to  the  experimental 
data.  This  phenomena  as  well  as  the  results  obtained 


for  the  diffusion  of  Cdl2  into  CdTe  have  been  discussed 
elsewhere.3’6  Consequently,  these  results  will  not  be 
discussed  here  but,  for  completeness,  the  results  will 
be  given  for  comparison  purposes  only. 

Typical  profiles  for  the  diffusion  of  Cdl2  into  ZCT 
and  MCT  are  shown  in  the  Fig.  1  and  Fig.  2,  re¬ 
spectively,  and  the  diffusivities  for  the  diffusion  of 
iodine  into  ZCT  and  MCT  are  compared  with  that  of 
iodine  into  CdTe  on  an  Arrhenius  plot  in  Fig.  3. 
Because  of  the  high  resistivity  of  the  epitaxially 
grown  MCT  layer,  anodic  oxidation  could  not  be  used 
as  a  sectioning  technique,  and  so  the  whole  profile 
was  measured  using  bromine  etching.  Consequently, 
it  was  not  possible  to  observe  the  slowest  profile  part, 
Di;  but  it  can  be  seen  in  Fig.  3  that  the  measured 
diffusivities  for  D2,  D3,  and  D4  agree  in  the  case  of 
epitaxially  and  bulk  grown  MCT. 

The  whole  set  of  results  for  the  diffusion  of  iodine 
into  MCT  is  slightly  higher  than  for  the  corresponding 
measurements  into  CdTe.  From  the  diffusion  profiles 
of  iodine  into  MCT  values  of  the  Arrhenius  param¬ 
eters,  D0  and  the  activation  energy  Q,  were  calcu¬ 
lated,  and  are  listed  as  follows: 

Q1  =  (0.20  +  0.04)  eV,  D01  =  (2.5  ±  1.5)  •  KF10  cm2  S'1, 
Q  =  (0.29  ±  0.04)  eV,  D02  =  (2.1  ±  1.0)  •  KF11  cm2  s-1, 
Q3  =  (0.25  ±  0.06)  eV,  D03  =  (7.7  ±  3)  •  1CF14  cm2  s1, 
Q4  =  (0.30  ±  0.08)  eV,  D04  =  (5.1  ±  4)  •  10-16  cm2  s-1, 

In  the  case  of  the  diffusion  of  iodine  into  ZCT  the 
diffusivities  are  slightly  lower  than  the  corresponding 
measurements  in  CdTe,  but  because  of  the  limited 


Depth  (pm)  Depth  (pm) 

a  b  , . 

Fig.  2.  A  concentration  profile  for  the  diffusion  of  Cdl2  into  Hg08Cd02Te  (MCT)  for  a  diffusion  anneal  carried  at  173°C  for  5  days.  The  four  parts  of 
the  profile  (labeled  D-D4)  can  be  seen  clearly.  The  three  components  which  occur  near  the  surface  of  the  slice  (D-D3)  are  shown  under  high 
resolution  in  (a)  and  the  two  deeper  components  are  shown  in  (b). 
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Fig.  3.  Arrhenius  plots  showing  a  comparison  of  the  diffusivities  for  the 
diffusion  of  Cdl2  into  Zn0  05Cd055Te  (ZCT)  (a)  and  Hg08Cd02Te  (MCI) 
(b).  The  best  fits  for  the  diffusion  of  Cdl2  into  CdTe  are  shown  by 
straight  lines. 


number  of  measurements,  it  was  not  possible  to 
calculate  the  diffusion  parameters  accurately. 

It  is  possible  that  these  results  are  related  to  the 
ionic  radii  of  zinc  and  mercury,  which  are  in  the  case 
of  zinc  lower  than  that  of  cadmium  and  for  mercury 
higher.  Consequently,  the  introduction  of  these  mate¬ 
rials  into  CdTe  causes  a  slight  change  in  the  lattice 
constant. 

The  values  of  the  surface  concentration,  C0,  are 
shown  in  Fig.  4,  where  a  comparison  with  the  cor¬ 
responding  results  for  the  diffusion  of  iodine  into 
CdTe  is  made.  It  can  be  seen  that  the  C0  values  for  the 
diffusion  of  iodine  into  ZCT  show  a  slight  variation 
when  compared  with  the  corresponding  results  for 
the  diffusion  of  iodine  into  CdTe,  particularly  at  high 
temperatures;  whereas  in  the  case  of  MCT,  the  values 
agree  for  the  slower  profile  parts  (Dx  and  D2),  but  show 
systematically  lower  values  (approximately  one  de¬ 
cade)  for  the  faster  profile  parts  (D3  and  D4)  at  tem¬ 
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Fig.  4.  Arrhenius  plots  showing  a  comparison  of  the  C0  values  for  the 
diffusion  of  Cdl2  into  Zn0  05Cd095Te  (ZCT)  and  Hg08Cd02Te  (MCT)  with 
the  diffusion  of  Cdi2  into  CdTe  (straight  lines). 


peratures  lower  than  20Q°C. 

Reasons  for  the  occurrence  of  the  four  component 
profiles  reported  here,  similar  to  those  obtained  for 
the  diffusion  of  iodine,  chlorine,  and  bromine  into 
CdTe,  have  been  explained  in  the  literature3^5  and 
have  been  summarized  in  the  introduction.  The  re¬ 
sults  presented  here  are  not  as  extensive  as  for  the 
diffusion  of  iodine  into  CdTe,  but  sufficient  measure¬ 
ments  have  been  carried  out  to  propose  that  the 
diffusion  mechanism  for  the  diffusion  of  iodine  into 
MCT  and  ZCT  is  similar  to  that  for  the  diffusion  of 
iodine  into  CdTe. 

The  diffusion  of  iodine  into  CdTe  and  MCT  has 
shown  similar  diffusivities.  This  agreement  with  the 
stated  theory  suggests  that  the  number  of  defects 
created  by  the  diffusion  of  iodine  into  these  materials 
is  by  far  higher  than  native  point  defects,  or  point 
defects  created  by  the  presence  of  the  Eg  vapor  in  the 
capsule. 

A  room  temperature  diffusivity  of  ~  10~14  cm2  s-1 
implies  that  iodine  is  not  a  very  stable  dopant  in 
either  of  these  materials,  when  it  is  diffused  into  the 
slice  from  the  vapor,  and  questions  the  use  of  iodine  as 
a  long  term  stable  dopant  in  devices  where  sharp 
junctions  are  required.  Iodine  is  used  as  a  dopant  in 
epitaxially  grown  MCT  and  was  reported  to  give 
sharp  junctions1  possessing  good  long  term  stability. 
This  suggests  that  iodine  diffused  from  the  vapor 
source  may  occupy  a  different  lattice  site  to  that 
which  it  occupies  when  it  is  introduced  into  the  lattice 
using  epitaxial  growth,  or  it  may  exist  in  different 
defect  forms  in  the  two  cases. 

CONCLUSIONS 

It  is  possible  to  draw  the  following  conclusions  from 
the  work  reported  in  this  paper: 

°  The  diffusivities  for  the  diffusion  of  iodine  into 
MCT  are  slightly  higher  than  the  corresponding 
values  for  the  diffusion  of  iodine  into  CdTe; 
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whereas  in  the  case  of  the  diffusion  of  iodine  into 
ZCT,  the  diffusivities  are  slightly  lower  than  the 
corresponding  measurements  in  CdTe. 

•  The  surface  concentrations,  C0,  for  the  diffusion 
of  iodine  into  both  MCT  and  ZCT  show  slight 
variations  to  the  corresponding  ones  for  the  diffu¬ 
sion  of  iodine  into  CdTe 

®  The  diffusivity  of  iodine  into  CdTe,  MCT,  and 
ZCT  at  20°C  is  approximately  10~14  cm2  sJ  and 
this  questions  the  use  of  iodine  as  a  dopant  in 
CdTe,  MCT,  and  ZCT  in  devices  where  sharp 
junctions  are  formed  by  diffusion  doping. 
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INTRODUCTION 

Now  that  the  Cold  War  is  over,  some  of  the  re¬ 
sources  of  the  former  Soviet  Union  (SU)  National 
Institutions  that  have  played  a  major  role  in  assuring 
the  SU  security,  are  increasingly  available  for  nonde¬ 
fense  high-technology  research  and  development.  They 
face  the  challenge  of  redefining  their  role  as  a  result 
of  the  significantly  diminished  demand  for  their  weap- 
ons-related  capability.  The  knowledge  developed  in 
these  labs  and  plants  may  offer  an  opportunity  for 
international  cooperation.  Such  technology  develop¬ 
ment  and  transfer  would  be  clearly  of  mutual  interest 
and  dual  benefit  to  both  scientists  and  developers  in 
the  Commonwealth  of  Independent  States  (CIS)  and 
international  scientific  community. 

Ey  participating  in  SU  large  scale  defense  and 
civilian  programs,  Ukranian  scientists  and  engineers 
have  successfully  developed  various  types  of  efficient 
optoelectronic  devices  for  the  infrared  (IR)  which  are 
known  in  the  West  only  as  “made  in  Russia.”  Now 
after  SU’s  collapse,  this  large  European  country  looks 
like  a  blank  white  spot  on  the  world  “photonic  devices 
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and  materials”  map.  This  is  the  first  article  to  explain 
and  illustrate  the  HgCdTe  and  other  IR  material 
status  in  the  Ukraine.  It  develops  the  background 
needed  to  understand  the  what  and  where  of  IR 
physics,  devices,  and  materials,  but  does  not  pretend 
to  be  a  comprehensive  treatment  of  the  subject  as 
some  data  still  remain  classified. 

STATE  OF  DEVELOPMENT 

Science 

The  Institute  of  Semiconductor  Physics  (Kyiv)1  is 
generally  believed  to  be  a  leader  in  this  area.  Al¬ 
though  the  institute's  interest  is  primarily  in  the 
fundamental  interaction  of  light  with  matter,  the 
radical  shift  was  made  in  recent  years  toward  practi¬ 
cal  applications  of  the  light  emitting  and  detection  in 
a  new  generation  of  photonic  devices.  Contrary  to  the 
traditional  approach  exploiting  low  temperature  IR 
detectors,  the  main  thrust  in  this  section  deals  with 
new  research  to  raise  the  operating  temperature  of 
narrow  gap  semiconductor  (NGS)  devices  and  to  dem¬ 
onstrate  the  physical  principles  and  parameters  of 
related  nonorthodox  IR  light  emitting  diodes  (LEDs). 

It  is  difficult  to  obtain  a  high  injection  level  in  NGS 
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(for  example,  by  contact  injection  or  by  photoexcitation) 
because  of  a  small  lifetime  (t<10“8  s),  a  high  efficiency 
of  nonlinear  Auger  recombination  and  a  high  value  of 
intrinsic  carrier  density  (n>1016  cm~3).  For  these  rea¬ 
sons  NGS  IR  devices  are  cooled  either  thermo- 
electrically  or  by  small  Stirling-cycle  devices  which 
keep  temperatures  between  70  and  200K.  In  most 
cases,  these  cooling  devices  drive  up  the  system  cost 
beyond  a  commercially  viable  price,  particularly  in 
the  civilian  field.  The  requirement  for  cooling  does  not 
appear  to  be  fundamentally  necessary.  Auger  recom¬ 
bination-generation  processes  can  be  suppressed  and 
the  need  for  cyrogenic  operation  reduced  or  even 
eliminated  by  operating  the  devices  in  the  non- 


Fig.  1 .  (a)  Longitudinal  (p+-p  junction  from  the  left),  and  (b)  transverse 
carrier  exclusion  in  the  slab  with  near-intrinsic  conductivity  and  lateral 
contacts.  Below:  (a)  1-3,  carrier  distribution  along  the  crystal  at  V3  > 
V2  >  V.;  2'-E  distribution  along  the  crystal;  (b)  carrier  distribution 
across  the  crystal  at  E3  >  E2  >  E^  and  (c)  time  dependence  of 
nonequilibrium  carrier  concentration  in  the  excluded  region. 


equilibrium  mode  where  the  carrier  densities  are 
below  their  thermal  equilibrium  values. 

There  are  two  simple  ways  to  decrease  carrier 
densities  in  NGS  with  intrinsic  conductivity.2  The 
first  approach  is  the  contact  exclusion  occurring  when 
reverse  voltage  bias  is  applied  to  an  antiblocking 
contact  (n+-n  or  p+-p  junction).  As  a  result  of  longitu¬ 
dinal  minority  carrier  drift  along  the  current  lines  to 
an  opposing  contact,  an  extended  region  of  bipolar 
exclusion  appears.  If  the  opposite  contact  is  ohmic, 
the  minority  carrier  density  maybe  reduced  below  the 
equilibrium  density  over  much  of  the  sample  volume. 
The  second  way  is  realized  if  a  crystal  with  ohmic 
contacts  is  exposed  to  crossed  electric  (E)  and  mag¬ 
netic  (H)  fields  (magnetoconcentration  effect,  MCE). 
In  this  case,  the  Lorentz  force  causes  transverse 
carrier  drift  toward  the  lateral  face  of  the  crystal  slab, 
and  the  whole  volume  of  the  crystal  becomes  the 
region  of  exclusion,  except  for  a  narrow  surface  layer 
near  the  face  to  which  the  carriers  drift  (Fig.  1).  In 
InSb  and  HgCdTe  (MCT)  the  longitidunal  exclusion 
region  may  be  as  large  as  100  pm  at  room  temperature 
wherein  the  carrier  density  is  decreased  almost  a 
hundredfold  becoming  less  than  the  density  of  un¬ 
compensated  impurities.  As  a  result,  exclusion  effects 
dramatically  change  optical,  electric,  and  photoelec¬ 
tric  properties  of  the  crystals. 

First  of  all,  the  decrease  in  electron  and  hole  density 
(n,p<m)  is  accompanied  by  a  decrease  in  the  power  of 
spontaneous  radiation,  P<Po  (Po  is  equilibrium  ther¬ 
mal  radiation  value),  in  the  range  of  band-to-band 
transitions  co  >  Eg//J  (E^-bandgap) — negative  lumines- 


b 


Fig.  2.  (a)  Field  dependences  of  the  fractional  change  in  integral  emissive  power  of  MCE  MCT  emitters  atT  =  300K.  H  =  10  kOe,  x:  1-1-0.20;  2- 
2-0.22;  3-3-0.28;  4-4-0.30.  1 -4-positive  luminescence,  1 ’-4’-negative  luminescence.  Insertions  show:  left:  maximal  negative  luminescence 
power  (Po)  vs  x  at  300K;  right:  spectral  distribution  of  black  body  emission;  cross-hatched  part  corresponds  to  the  negative  luminescence  power 
in  the  spectral  range  of  interband  transitions.  Note:  an  essential  qualitative  aspect  of  negative  luminescence  is  that  it  cannot  exceed  the  magnitude 
of  equilibrium  emission,  since  the  absolute  radiant  emission  cannot  be  reduced  below  zero,  (b)  Spectral  characteristics  of  luminescence  of  varying 
gap  MCT  at  room  temperature  and  H  =  ±  1 0  kOe.  E,  V/cm;  1 .6-20;  2-40;  3. 7-80;  4-1 60;  5-240.  Positive  luminescence:  1-5,  negative  luminescence: 
6-7.  Inset:  diagram  of  MCE  transverse  carrier  exclusion  experiment. 
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Fig.  3.  Difference  emission  spectra  of  MCE  MCT  emitters  at  T  =  300K. 
H  =  10  kOe,  E  -  1  V/ cm;  x:  1-0.30,  2-0.22,  3-0.215,  4-0.20,  5-0.18. 
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cence.3  In  the  limiting  case  of  large-signal  exclusion, 
the  recombination  radiation  is  fully  suppressed:  the 
radiation  deficit  equals  the  equilibrium  value  Po  (AP 
=  P-Po~-Pp).  The  maximal  power  of  negative  lu¬ 
minescence  is  determined  by  integrating  the  formula 
for  the  Plank  spectral  distribution  over  the  interval 
Eg  <h co  <  °°  (Fig.  2).  Because  of  this,  the  negative 
luminescence  power  in  Hg08Cd02Te  at  300K  is  esti¬ 
mated  to  be  10  mW  cm™2  whereas  it  does  not  exceed  1 
mW  cm-2  for  InSb.  The  negative  luminescence  has 
been  investigated  in  detail  for  InSb  and  MCT  crystals 
and  films  as  well  as  for  MCT  epistructures.4-6  As  a 
result,  the  most  important  features  of  this  phenomenon 
are  established  and  unorthodox  high-temperature 
InSb  and  MCT  IR  sources  (Fig.  3)  for  those  applica¬ 
tions  requiring  stable,  reliable  sources  of  low  power 
IR  energy  have  been  developed.7 

The  radiative  cooling  effect8  induced  by  the  ex¬ 
clusion  region  (when  the  crystal  pumps  thermal  en¬ 
ergy  from  its  surroundings  and  does  not  radiate  back) 
is  also  under  study.  A  maximal  temperature  differen¬ 
tial  as  high  as  AT  =  3K  at  room  temperature  has  been 
achieved  using  excluded  MCT  thin  film  as  a  cooling 
body. 

The  Auger  generation  suppression  results  in  the 
appearance  of  a  region  of  negative  differential  con¬ 
ductivity  (N-type)  in  I-V  characteristics.9  Experimen¬ 
tally,  this  region  is  detected  as  the  appearance  of 
oscillations  at  the  flat  tops  of  current  pulses  through 
the  material.  The  oscillation  frequency  depends  on  E, 
and  the  amplititude  attains  50%  of  the  current  mean 
value.  The  latter  corresponds  to  a  pulse  power  up  to 

100  w. 

The  exclusion  effects  occurring  in  photogenerated 
electron-hole  plasmas  cause  a  significant  decrease  of 
the  photoresonse  time  which  is  not  accompanied  by  a 
decrease  in  the  responsivity  because  the  crystal  resis¬ 
tivity  in  the  dark  is  increased.10 

An  alternative  way  to  suppress  the  Auger  processes 
in  NGS  and  to  improve  the  performance  of  IR  devices 
is  to  employ  pressure.  Auger  (xA)  and  radiative  (xR) 
carrier  lifetime  calculations  within  the  Kane  model, 


Fig.  4.  Relative  carrier  lifetime  vs  pressure.  Left — uniaxial  pressure,  1- 
tr  for  MCT  (x  =  0.29)  atT  -  1 50K,  2-cA  for  MCT  (x  =  0.2)  at  T  =  1 00K. 
Right— hydrostatic  pressure,  1  — rA,  2-tr,  3 -it1  =  ta_1  +  4-experi- 
ment  for  InSb  at  T  =  300K. 
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Fig.  5.  Relative  carrier  lifetime  vs  dislocation  density  Nd  (1-calculation, 
open  circles-experiment)  and  subgrain  boundary  value  NSB  (2— [VH  ]  = 
1 015  cm-3,  3— [VHg]  =  1 013  cm-3)  for  MCT  (x  =  0.2)  at  T  =  77K. 

with  allowance  for  uniaxial  pressure  along  <1G0>  of 
HgCdTe,  shows  that  the  hole  effective  mass  in  the 
upper  of  two  valence  subbands  decreases  (E  is  not 
affected  by  uniaxial  pressure  practically).11  As  a  re¬ 
sult,  ta  increases  and  xR  decreases,  as  it  is  shown  in 
Fig.  4.  Such  a  redistribution  between  radiative  and 
nonradiative  channels  could  result  in  increases  of 
both  the  quantum  efficiency  of  radiative  recombination 
(x  >  0.2,  T  >  150K)  and  responsivity  of  the  IR  detectors 
(x  <  0.2,  T  <  100K).  On  the  contrary,  hydrostatic 
pressure  induces  a  marked  increase  of  Ect  followed  by 
an  increase  in  xA  and  xR.  Calculation  and  experiments 
show12  that  for  InSb  crystals  (T  =  300K)  radiative 
recombination  increases  from  6  to  25%,  whereas,  the 
response  time  of  photodetectors  increases  by  30  times 
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when  the  8  kbar  pressure  is  applied  (Fig.  4).  Also 
hydrostatic  pressure  impact  at  negative  and  positive 
luminescence  parameters  in  MCT  heterostructures 
seems  to  be  attractive  for  practical  applications.13 
Naturally,  a  shift  of  emission  and  photosensitivity 
toward  short  wavelengths  occurs. 

Finally,  the  impact  of  structural  and  point  defects 
on  the  electronic  and  optical  properties  of  MCT  as  well 
as  NGS  material  characterization  are  typical  ex¬ 
amples  of  the  work  permanently  conducted  by  insti¬ 
tute  scientists  at  Kyiv.  Figure  5  demonstrates  the 
MCT  carrier  lifetime  dependence  on  the  dislocation 
density  and  subgrain  boundary  value.  It  shows  that 
dislocations  provoke  a  lifetime  decrease,  whereas  the 
subgrain  boundaries,  acting  as  point  defect  getters, 
promote  the  photosensitivity  rise  of  materials.14 

IE  MATERIALS 

Presently,  there  are  two  Ukranian  enterprises  which 
have  been  significant  SU-wide  suppliers  of  electronic 
and  photonic  materials  for  20  years,  the  titanium  and 


Table  I.  HgCdTe  Wafers  (Polished) 


Molar  content,  x 

0.190-0.240 

0.240-0.320 

Conductivity 

n,p 

Carrier  concentration 

n-type-74013 

-  14015 

at  77K,  cm-3 

p-type-14015 

-MO17 

Carrier  mobility  at  77K 

n-type— 34 0*4  - 

-  2.5405 

cmW-s 

p-type->200 

Surface,  cm2 

0.25-4.0 

Thickness,  mm 

0. 7-1.0 

magnesium  plant  at  Zaporozhye15  and  the  pure  met¬ 
als  plant  at  Svitlovodsk.16 

The  titanium  and  magnesium  plant  at  Zaporozhye 
delivers  large  quantities  of  low-cost  Si  (bulk  material 
and  wafers)  and  Ge  (doped  and  undoped  crystals)  as 
well  as  the  Ge-based  optic  accessories  for  IR  applica¬ 
tions.  It  has  the  capabilities  to  manufacture,  by  vari¬ 
ous  crystal-growth  techniques,  Si  and  Ge  mono-  and 
polycrystals  which  satisfy  the  different  needs  of  the 
semiconductor  and  optoelectronic  industry. 

As-grown  Czochralski,  dislocation-free,  Si  mono¬ 
crystals  (ingots)  with  different  doping  levels  (p  = 
0.01-40  Q  cm  for  n-type  and  p  =  0.005-40  Q  cm  for  p- 
type)  can  be  delivered  with  a  diameter  up  to  150  mm. 
Carbon  concentration  does  not  exceed  3  *  IQ16  cm-3, 
and  the  spatial  nonuniformity  of  dopants  is  less  than 
5%.  Floatng  zone  technique-grown  Si  monocrystals  (p 
=  0.1-2  •  104  Q  cm  for  n-type  and  p  =  0.1-4  •  104  Q  cm 
for  p-type)  with  a  diameter  up  to  105  mm  and  carbon 
or  oxygen  concentrations  less  than  1  •  1016  enr3  are 
also  available.  Also,  there  are  polycrystalline  Si  cylin¬ 
drical  ingots  available  (d  =  800  mm,  h  =  70  mm). 

The  present  production  ability  of  dislocation-free 
zone-refined  Ge  polycrystals  (p  =  48  Q  cm)  as  well  as 
Ge  crystals  for  optical  accessories  (p  =  5-40  Q  cm,  n- 
type)  with  diameters  from  10  to  420  mm  is  estimated 
as  5  ton/year.  In  addition,  GeCl4  and  Ge02  are  also 
available. 

The  pure  metals  plant  at  Svitlovodsk  supplies  with 
high  uniformity,  low  carrier  concentration  single  crys¬ 
tal  HgCdTe  as  well  as  liquid  phase  epitaxially  (LPE) 
grown  p-HgCdTe/CdTe  structures  (0.185  <  x  <  0.300, 


Table  II.  Gallium  Arsenide  Ingots 


Method:  LEG 

Semi-Insulating  (i-GaAs) 

Conductive  (n/p-GaAs) 

Ingot  diameter,  mm 

52+0.5  78.2+0.5 

52+0.5 

78.2+0.5 

Crystal  orientation 

<100>,  <111> 

<100>, 

<lil> 

Conductvity  type 

n 

n 

P 

dopant 

None  or  Cr 

Te 

Si 

Zn 

Crystal  annealing 

As  atmosphere, 

950°C,  2.5  h 

Car.  concentration,  1017  cm-3 
Fiesistivity,  107  Q-cm 

1-10 

1-5 

1-8 

5-200 

Carrier  mobility 

>4000  cm2  V-1  s-1 

Disl.  density,  cm-2 

<8404  <1.5*105 

84  Q4 

<1.5405 

Table  III.  Si-Doped  GaAs  EPI- Wafers 

Method:  Liquid  Phase  Epitaxy  Application:  Infrared  Light  Emitting  Diodes 


Diameter,  mm 

35-40 

Orientation 

<100> 

Structure  type 

p-GaAs:Si 

n-GaAs:Si 

n-GaAs 

Dopant 

Si 

Si 

Sn 

Carrier  concentration,  cm-3 

14016— 14018 

14016-54017 

(0.5— 1.5)4017 

Layer  thick,  uni 

50-70 

5-35 

360-380 

Emiss.  max.  X,  pm 

0.9-0.98 

p-GaAs  (Si) 

Emiss.  pow,  of  1  mm  dia.  mesa-str.,  I  =  100  mA 

>4.5  mW 

n-GaAs  (Si) 

n-GaAs(Sn) 

Voltage  drop  at  I  =  100  mA 

<1.5  V  — 
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po  =  5  ■  1015  to  2  •  1016  cm~3,  pp  >300  cm2/v  •  s  at  T  =  77K). 
Most  standard  wavelengths  are  available  (Table  I). 
Ultrahigh  purity  Cd,  Te,  Hg  starting  materials  are 
also  available. 

GaAs  (polycrystalline,  semi-insulating,  conductive, 
Si-doped  EPI-wafers,  multilayer  GaAs/Al GaAs  EPI- 
wafers)17  and  InAs  single  crystals  with  diameters 
ranging  from  25  to  81  mm,  both  n-  and  p-type,  and 
CdTe  (p  =  10 8  fL  cm,  dislocation  density  <105  cm-2)  are 
available  for  immediate  shipment  (see  Tables  II-IV). 
Monocrystalline  Si  (Sn,  As,  P,  B-doped)  dislocation- 
free  ingots  of  diameters  78, 100, 125  mm  with  param¬ 
eters  similar  to  that  of  SEMI  standard  can  be  also 
delivered. 

Also,  researchers  and  tehcnologists  at  the  Institute 
for  Single  Crystals  at  Kharkiv18  have  succeeded  in 
developing  the  technology  of  A2B6,  alkali  halide  and 
sapphire  crystal  growth.  As  an  example,  bulk  ZnSe 
single  crystals  (d<—  63  mm,  h  =  50  mm,  p  =  1010  Q  cm) 
and  wafers  are  practically  transparent  within  the  1- 
15  pm  spectral  range  (k  =  0.002  cm-1).  This  material’s 
laser  beam  damage  threshold  exceeds  15  kW/cm2  for 
a  0.5  mm  diameter  beam,  and  the  value  of  half-wave 
voltage  at  10.6  pm  is  160  kV.  The  wafers  can  be 
covered  with  antireflecting,  reflecting,  or  highly  pro¬ 
tective  (diamond  films)  coatings.  KC1,  NaCl,  KBr,  and 
KCl-KBr  single  crystals  can  be  grown  with  d  =  60-500 
mm  and  maximal  bubble  size  <0.2  mm.  MgF2,  CaF2, 
BaF9,  LiF  ceramics  of  various  forms  and  sized  are  also 
available. 

New  materials  for  IR  devices  are  also  under  devel¬ 
opment  by  researchers  at  the  University  of 
Chernivtsy.19  They  have  been  developing  the  technol¬ 
ogy  of  Cd^Mn^Te  and  CdxMnyHg1  x  yTe  crystal  growth 


for  several  years,  and  now  have  a  production  facility 
for  it.  The  technologies  developed  (zone-melting,  LPE, 
and  vapor  phase  epitaxy  [VPE])  provide  high  cross- 
sectional  homogeneity  and  low  structural  defect  con¬ 
centrations  both  in  12-30  mm  diameter  ingots  and 
epitaxial  structures.  These  materials’  resistance  to 
degradation  over  time  seem  to  be  superior  to  those 
achieved  for  HgCdTe.20  The  parameters  of  interest  at 
80K  are  pn>2  *  106  cm2  /V  s  (x  =  0.16),  pn  >  6  •  1G5  cm2/ 

V  s  (y  =  0.07),  no  =  1015-1016  cm-3,  spectral  range  X  =  9~ 
14  pm.  Photoresistors,  photodiodes,  and  photoelectro- 
magnetic  (FEM)  detectors  based  on  these  materials 
are  at  the  experimental  stage.  This  group  also  be¬ 
lieves  they  have  demonstrated  the  first  InSb-InBi 
superlattices  (10-1000A)  grown  with  laser  induced 
technology. 

DEVICES 

To  date,  Rythm  Optoelectronics  (RO)21  at  Chernivtsy 
is  probably  the  major  supplier  of  photodetectors  with 
total  wavelength  coverage  from  ultraviolet  (UV)  to 
near  IR.  The  company  has  more  than  20  years’  expe¬ 
rience  in  the  design  and  manufacture  of  silicon  (p-n, 
p-i-n,  avalanche  photodiodes,  0.20-1.1  pm,  ordinary, 
UV  enhanced,  built-in  interference  filters,  trans¬ 
impedance  amplifier  modules),  germanium  (p-n  and 
avalanche  photodiodes,  0.5-1. 7  pm)  as  well  as  lead 
chalcogenides  (PbS,  PbSe  photoresistors  operating  at 
room  temperature  or  thermoelectrically  cooled,  0.8- 
5.0  pm)  single  and  multi-element  (1  .  .  .  256)  devices 
with  the  highest  detector  performance.  Full  in-house 
capabilities  for  design,  fabrication,  and  test  of  cus¬ 
tomized  devices  are  available.  As  an  example,  Tables 

V  and  VI  provide  a  more  detailed  look  at  the  lead 


Table  IV.  Multilayer  GaAs/AlGaAs  EPI- Wafers 


Method:  Liquid  Phase  Epitaxy  Application:  “Red”  Light  Emitting  Diodes 


Diameter,  mm 

35-40 

Orientation 

<100> 

Structure  type 

n+-AlGaAs 

n-AlGaAs 

p-AlGaAs 

p+-GaAs 

Dopant 

Te 

Te 

Zn 

Zn 

Carrier  Concentration  1017  cnr3 

5-20 

1-3 

8-20 

50-200 

Layer  Thickness,  pm 

15-25 

15-25 

10-25 

350-450 

Emiss.  max.,  X,  pm 

0.65-0.68 

n+-AlGaAs(Te) 

Light  power  of  0.35  x  0.35  mm  chip 

type  A:  >  300  cd 

n-AlGaAs(Te 

at  I  =  100  mA 

type  B:  >  600  cd 

p-AlGaAs(Zn) 

p+-GaAs(Zn) 

Table  V.  Lead  Chalcogenide  Photodetectors 


Device  Parameters 

PbS 

PbSe 

T  =  293K 

T  =  195K 

T  =  293K 

T  =  195K 

Spectral  range,  pm 

0. 8-3.0 

0.8-3. 5 

1. 0-4.5 

1. 0-5.0 

2. 5+0. 2 

2. 8±0.2 

3.5+0. 3 

4.0+0. 3 

Time  constant,  ps 

-200 

-2000 

-5 

-30 

Dark  resistance,  MO 

-0.5 

-5 

-1 

-10 

Responsivity,  V/W 

(3-8)- 104 

(1-5)*105 

(2-7).  104 

(2-7).  105 

ET  max>  1010cm  Hz 1/2  W-1 

3-10 

50 

0.3-1. 2 

2-8 

at  mod.  frequqncy,  Hz 

1000 

70 

1000 

1000 
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Table  VI.  Silicon  Photodiodes  (T  =  20°C) 


PB  Type 

Spectral 
Range,  pm 

Bark  Current 
pA/mm2 

Capacitance  at 

Vp,  pF/mm2 

Responsivity  at 
k,A/W 

UV  enhanced 

o 

tSD 

I 

h-1 

<10 

<12 

>0.08  at  0.62  pm 

at  10  mV 

at  10  mV 

0.62  at  0.63  pm 

Low  Noise 

0.4-1. 1 

<100  at  10V 

<1.8  at  10  V 

>0.3  at  0.63  pm 

Threshold 

0.4-1. 1 

<20 

<1.5 

>0.32 

responsivity  enhanced 

at  10  V 

at  10  V 

at  0.63  pm 

Common-use 

0.4-1. 1 

<1  at  10  mV 

<12  at  10  mV 

>0.4  at  0.63  pm 

Table  VII.  Thermoelectric  Module  Parameters 


Module 

Type 

AT  °C 

max 

Q  W 

^max 

I  A 

max 

V  V 

max 

Base 

mm  x  mm 

Height 

mm 

Cooled  Surface 
mm  x  mm 

TE02-1 

95 

0.48 

0.3 

5.0 

6.0  x  9.0 

9.0 

2.48  x  4.2 

TE02-3 

80 

55.0 

7.5 

12.0 

40.0x40.0 

7.0 

40.0  x  40.0 

TE02-4 

80 

32.0 

4.8 

12.0 

40.0  x  40.0 

7.0 

40.0  x  40.0 

TE02-5 

98 

1.5 

5.0 

0.9 

8.0  x  12.0 

6.8 

5.0  x  6.0 

TE02-6 

95 

0.3 

4.6 

0.2 

6.0  x  8.0 

5.5 

2.0  x  4.0 

TE02-7 

98 

0.48 

2.0 

0.7 

12.0  x  12.0 

6.8 

2.0  x  4.0 

TE02-8 

98 

2.2 

2.5 

2.8 

12.0  x  15.0 

6.8 

5.0  x  8.0 

TE03-2 

109 

0.3 

3.0 

5.0 

15.0x20.0 

12.5 

2.0  x  10.0 

TE03-3 

110 

0.52 

1.2 

3.0 

8.5  x  5.0 

10.0 

3.0  x  3.0 

TE03-4 

109 

1.6 

7.5 

1.1 

12.0  x  1.0 

12.5 

2.0  x  2.0 

TE03-5 

110 

1.6 

2.5 

3.2 

14.0  x  14.0 

12.5 

2.0  x  6.0 

TE03-6 

108 

1.7 

0.06 

1.7 

4.0  x  4.0 

12.5 

0.8  x  0.8 

TE04-1 

118 

1.45 

2.0 

6.0 

21.0x20.0 

22.0 

8.0x12.0 

TE04-2 

118 

4.9 

5.0 

7.0 

18.0x20.0 

20.0 

5.0x20.0 

TE04-3 

119 

6.7 

3.7 

12.0 

27.4x41.0 

21.3 

9.5  x  14.5 

TE04-4 

110 

0.68 

0.9 

0.7 

12.4  x  16.3 

11.65 

4.1  x  8.0 

TE04-7 

115 

0.81 

1.0 

7.5 

12.5  x  16.4 

13.7 

3.0  x  7.3 

TE05-1 

125 

0.8 

1.0 

8.0 

16.0x25.0 

15.0 

4.0  x  10.0 

TE04-9 

120 

1.1 

1.2 

6.5 

15.4  x  19.0 

16.6 

2.6  x  8.5 

TE06-1 

133 

0.3 

1.1 

4.6 

12.4  x  10.0 

12.5 

5.5  x  5.5 

ATmas  —max.  temperature  differential  between  base  (T  =  300K)  and  cooled  surface  (vacuum,  no  thermal  load). 
Q^-cooled  surface  thermal  loat  at  AT  =  0.  Imax  and  Vmax-current  voltage  supply. 


chalcogenide  and  silicon  detector  parameters. 

The  RO’s  near-term  goal  is  to  become  the  major 
“eyes”  supplier  for  the  unmanned  satellite  program 
started  by  the  National  Space  Agency.  RO  is  also 
considering  expanding  its  activity  toward  longer  wave¬ 
length  devices  based  on  MCT,  Ge(Hg),  and  Pt-PtSi. 

The  Research  and  Production  Corporation 
Termoprylad22  at  Lviv  has  nearly  40  years  of  exten¬ 
sive  experience  in  the  development  and  production  of 
efficient  devices  for  remote  and  contact  temperature 
(~35°C  to  +5000°C)  measurements.  To  date,  manu¬ 
facturing  capability  exists  for  the  production  of  ana¬ 
log  and  digital  resistor  thermometers,  thermoelectric 
temperature  transducers  (thermocouples),  as  well  as 
IR-pyrometers  based  on  PbS,  PbSe,  Si,  Ge,  LiNb,  and 
operating  within  the  0.5-14  pm  spectral  range. 

Also,  a  multilayer  thin  film  (100-200A)  super¬ 
conducting  tunnel  junciton  IR-bolometer  operating 
as  0.3-5K  has  been  developed  at  the  institute  for  low 
temperature  physics  and  engineering23  at  Kharkiv. 
The  device  is  equipped  with  a  compact  cryogenic 
system  (no  extermal  pumping,  remote  control)  and  is 
ready  for  use  in  zero-gravity  conditions.  Basic  device 


parameters  (spectral  range  2.0-30  pm,  NEP  =  1.4  ■  10~15 
W/Hz1/2,  t  =  3  *  10-3  s)  allow  its  use  in  satellite 
photometers  and  radiometers  as  well  as  at  low  back¬ 
ground  radiation  metrological  facilities  (background 
emission  power  >1Q~12  W  cm-2)  operating  in  this  insti¬ 
tute.  In  addition,  a  three-range  (3-5  pm,  8-10.5  pm, 
5-13  pm)  space  radiometer  (satellite  orbit  height  =70 
km)  based  on  cooled  MCT  3  x  128  array  detector 
modules  is  now  at  the  experimental  stage. 

High  sensitive  and  fast  response  pyroelectric  detec¬ 
tors  (TGS,  LiTa03)  can  be  delivered  from  the  Institute 
of  Physics  at  Kyiv.24  This  broadband  (1-50  pm)  detec¬ 
tor  series  combines  both  low-noise  performance 
(3  •  10~10  W/Hz1/2)  and  high  bandwidth  (50  MHz)  at 
room  temperature.  These  detectors  can  be  optimized 
for  radiometry,  IR  gas  analysis,  Fourier  transform 
infrared  (FTIR)  spectroscopy  as  well  as  for  measuring 
laser  power  and  energy  (minimal  energy  ~10-10  J  and 
pulse  duration  -10-9  s).25  Reportedly,  these  devices 
have  been  in  use  on  “meteor”-type  satellites,  the 
interplanetary  station  “Phobos,”  and  on  the  orbital 
station  “Mir.” 

A  family  of  efficient  single  and  multistage  (up  to 
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nine)  thermoelectric  coolers  for  commercial  and  sci¬ 
entific  applications  have  been  developed  by  researchers 
from  the  Institute  of  Thermoelectricity  at  Chemivtsy.26 
Made  with  bismuth  telluride  materials,  these  devices 
can  be  used  in  IR  focal  plane  detector  arrays^.  Maxi¬ 
mum  current  ratings  range  from  0.06  to  7.5A  and  a 
maximum  temperature  differential  of  70  to  133°C  is 
possible.27  Table  VII  provides  a  more  detailed  look  at 
these  device  parameters.  Custom  designs  are  also 
available  upon  request. 

Ukranalyt  R&D  Company  in  Kyiv28  produces  both 
efficient  multilayer  IR  interface  filters  and  multipath 
optical  cells  for  two  wavelength  coverages  (2-8  and  8- 
14  pm).  The  filters  can  be  delivered  with  Tmax  >  50% 
trasmittance  at  Xo  for  2-8  pm  and  T  >  40%  for  8-14  pm 
spectral  ranges.  The  relative  halfwidth  does  not 
exceed  2.2-4%.  When  illuminated  with  IR  noncoherent 
light  the  multipath  cells  provide  up  to  a  25  m  long 
beam  traveling  length  and  more  than  a  70  m  path 
when  illuminated  with  an  IR  laser.  Based  on  these 
optical  components,  the  company  has  developed  the 
IR  gas  analyzers  for  air  monitoring  and  vehicle  ex¬ 
haust  gas  analysis. 

GOVERNMENT  GUARDIANSHIP 

Government  support  in  this  area  is  growing  and 
helping.  In  its  declared  overall  strategy,  the  govern¬ 
ment  plans  to  balance  spending  on  civilian  and  de¬ 
fense  programs.  However,  the  switch  from  defense  to 
a  civilian  focus  is  happening  slower  than  anticipated 
for  several  reasons.  First,  private  companies  have 
exhibited  little  interest  in  the  electronic  and  optoelec¬ 
tronic  business.  Secondly,  the  times  seem  to  favor 
small  science,  not  big  physical  projects,  and  thirdly, 
the  national  roadmap  aimed  to  remedy  the  situation 
and  to  improve  the  worldwide  competitiveness  of  the 
Ukranian  optoelectronics  industry  has  not  been  de¬ 
veloped  yet. 

All  in  all,  the  State  Committee  on  Science  and 
Technology  is  permanently  funding  as  many  as  30 
scientific  projects  to  develop  efficient  semiconductor 
lasers,  IR  LEDs  and  two-dimensional  focal  plane  area 
detectors.  Some  of  these  projects  are  concerned  with 
fibreoptics  and  optical  storage  components. 

The  National  Academy  of  Sciences  assistance  in 
financing  practically  all  aspects  of  fundamental  stud¬ 
ies  such  as  new  materials  (primarily  narrow-gap 
semiconductors  and  semimetals),  new  generations  of 
photonic  devices,  fundamental  aspects  of  radiation- 
substance  interaction,  should  be  mentioned  also.  The 
number  of  grants  dealing  with  different  aspects  of  IR 
physics  and  devices  reportedly  exceeds  a  hundred. 
Finally,  after  the  government  decision  to  fix  civilian 
R&D  funding  for  FY  1995  at  1.7%  of  gross  domestic 
product,  the  future  of  Ukranian  IR  science  is  not  seen 
as  being  in  doubt. 

The  National  Space  Agency  follows  more  ap¬ 
plication-oriented  goals.  Their  task  is  clearly  formu¬ 
lated:  the  family  of  Ukranian  satellites  (the  first  one 
is  to  be  launched  by  1996)  have  to  be  equipped  with 
domestic-made  IR-systems. 
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The  Department  of  Conversion  concern  is  to  focus 
on  the  IR  optoelectronic  technologies  as  key  dual-use 
technologies  with  improtant  enabling  applications  in 
both  the  defense  and  civilian  areas  and  to  turn  many 
of  the  fundamental  laboratory  developments  into 
manufacturable  products.  The  strategic  and  commer¬ 
cial  forces  at  work  are  similar  to  those  that  grew  the 
optoelectronics  industry  in  North  America,  Europe, 
and  Japan — defense,  scientific  research,  medicine, 
ecology,  and  industrial  modernization.  Naturally,  eco¬ 
nomic  factors  and  a  shift  away  from  defence  contracts 
raise  more  questions  than  answers. 

CONCLUSIONS 

The  results  presented  indicate  that  the  IR  pho¬ 
tonics  status  in  the  Ukraine  is  quite  comparable  to 
that  achieved  in  other  countries.  On  the  contrary,  the 
cost  of  acquiring,  processing,  and  producing  the  IR 
photons  in  this  country  is  now  so  cheap  as  to  be  almost 
free.  These  two  circumstances  appear  to  provide  the 
basis  for  understanding  both  the  scientific  and  com¬ 
mercial  opportunities  of  cooperation  with  Ukranian 
scientists  and  developers. 

In  the  author's  opinion,  the  top  high-growth  economy 
in  Europe  at  the  turn  of  the  century  will  be  the 
Ukraine,  this  European  China.  Clearly,  the  status  of 
Ukranian  IR  photonics  constitutes  a  promising  op¬ 
portunity  for  the  international  community.  Ukranian 
semiconductor  materials  and  optoelectronic  devices 
could  capture  a  significant  portion  of  the  semiconduc¬ 
tor  market  in  the  near  future,  but  the  serious  doubt 
exists  that  any  Ukranian  group  will  jump  to  interna¬ 
tional  market  alone  (no  domestic  high-technology 
expertise  exists,  only  a  few  of  this  products  are  suit¬ 
able  for  export  market).  The  question  is  who  will  be 
that  entrepreneur  to  join  Ukranian  developers  and 
producers  in  this  jump.  It  is  costly  and  risky,  but  the 
potential  rewards  are  alluring. 

What  is  envisioned  now  is  a  series  of  long-term, 
large-scale  international  programs  that  would  be 
difficult  for  others  to  tackle  because  of  their  size, 
complexity,  and  long-term  nature  as  well  as  “work  for 
others”  in  small  science  application-oriented  and  dedi¬ 
cated  projects.  While  this  may  seem  dire,  the  picture 
is  not  as  bad  as  it  may  look  at  first.  Isn't  it  nice  to  have 
a  choice?  The  stakes  are  high.  In  conclusion,  the 
author’s  goal  is  not  simply  to  ride  the  crest  of  this 
wave,  but  to  be  one  of  the  forces  driving  this  process 
forward. 
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Numerical  Simulation  of  HgCdTe  Detector  Characteristics 
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We  discuss  analytic  and  numerical  models  for  HgCdTe  photodiodes  and  present 
examples  of  their  application.  Analytic  models  can  account  for  the  performance 
obtained  by  many  device  architectures.  Numerical  and  analytic  models  agree  in 
predicting  several  aspects  of  device  performance,  such  as  diffusion  limited  dark 
current,  confirming  the  approximations  used  in  deriving  the  analytic  models. 
Areas  are  noted  where  improvement  in  the  numerical  models  would  allow 
application  to  a  wider  range  of  device  simulations.  Useful  results  are  obtained 
from  the  numerical  simulators  that  cannot  be  obtained  from  our  analytic  model. 

Flux  dependent  R0A  products  are  shown  to  be  a  direct  result  of  bias  dependent 
quantum  efficiency,  a  mechanism  that  is  much  more  evident  in  heterojunction 
device  architectures.  Material  compositional  grading  is  demonstrated  to  lead  to 
lower  signal  to  noise  ratio  in  devices  designed  to  detect  a  particular  infrared 
wavelength.  We  also  show,  particularly  for  high  temperature  operation,  that 
heterojunction  detectors  can  at  best  equal  the  performance  of  well-designed 
homojunction  detectors;  so,  for  photodetector  design,  heterojunctions  do  not  offer 
any  inherent  performance  advantages  over  homojunctions.  Nevertheless, 
heterostructures,  though  ideally  not  required,  may  be  helpful  in  achieving  high 
performance  in  practice. 

Key  words:  Heterojunctions,  HgCdTe,  infrared  detectors 


INTRODUCTION 

HgCdTe  photovoltaic  detector  technology  for  sec¬ 
ond  generation  focal  plane  arrays  (FPAs)  has 
transitioned  from  feasibility  demonstrations  to  ini¬ 
tial  phases  of  product  insertion.  However,  the  cost  of 
FPAs  is  still  too  high  for  many  applications.  Low  cost 
high  performance  FPAs  can  only  be  achieved  by 
increasing  manufacturing  yield  through  process  con¬ 
trol  and  variance  reduction.  Since  process  control  is 
demonstrated  through  prediction  and  achievement  of 
array  performance  based  on  design  parameters,  suf¬ 
ficiently  accurate  detector  modeling  is  a  necessity. 
Modeling  HgCdTe  detectors,  using  both  analytic  and 
numerical  methods,  is  the  subject  of  this  paper. 
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Generally,  the  differences  between  designed  char¬ 
acteristics  and  measured  performance  of  HgCdTe 
FPAs  must  be  quantified.  Although  particular  as¬ 
pects  of  detector  performance  often  agree  with  their 
respective  models,  less  perfect  agreement  is  usually 
obtained  with  a  self-consistent  model  that  simulta¬ 
neously  accounts  for  multiple  aspects  of  device  perfor¬ 
mance  such  as,  dark  current,  optical  response,  and 
their  respective  dependence  on  temperature  and  bias 
voltage.  Nevertheless,  individual  detectors  with  perfor¬ 
mance  that  agrees  with  basic  self-consistent  models 
can  be  found.  This  indicates  that  the  technology  may 
be  capable  of  achieving  a  level  of  maturity  that  makes 
modeling  an  especially  worthwhile  activity,  since  it 
can  lead  to  an  understanding  of  the  limitations  on 
current  detector  array  performance  and  provide  in¬ 
formation  needed  for  further  improvement. 
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The  models  we  discuss  are  based  on  standard  semi¬ 
conductor  device  equations  and  HgCdTe  specific  ma¬ 
terial  parameters.  Photovoltaic  detector  performance 
models  are  basically  derived  from  the  physics  of 
current  flow  mechanisms  in  semiconductor  p/n  junc¬ 
tions.  The  current  mechanisms  considered  in  this 
paper  are  fundamental  in  the  sense  that  they  apply  to 
photodiodes  in  any  semiconductor  and  are  described 
in  terms  of  a  small  number  of  device  design  param¬ 
eters.  A  HgCdTe  specific  material  library  and  inde¬ 
pendently  measured  device  parameters  are  all  that 
are  needed  to  test  these  models  against  experiment. 
Consequently,  the  models  discussed  address  homoge¬ 
neous  aspects  of  device  performance;  that  is,  mecha¬ 
nisms  which  yield  uniform  device  characteristics,  as 
opposed  to  those  related  to  localized  flaws. 

We  have  investigated  both  analytic  and  numerical 
models  and  discuss  their  applicability  and  limita¬ 
tions.  We  begin  with  a  description  of  a  one-dimen¬ 
sional  analytic  model,  which  provides  confidence  in 
our  selection  of  a  HgCdTe  material  library.  The  mate¬ 
rial  library  and  device  models  are  documented,  and 
examples  of  the  application  to  HgCdTe  detectors  are 
presented.  Next,  numerical  models  are  discussed. 
Numerical  models  provide  a  validation  of  the  approxi¬ 
mations  used  in  the  analytical  expressions  and  allow 
better  simulation  of  advanced  device  architectures 
which  employ  heterojunctions,  multiple  junctions, 
and  layers  with  graded  band  gaps.  We  compare  re¬ 
sults  obtained  with  HET  III  (provided  by  SBRC)  and 
two  commercially  available  numerical  device  simula¬ 
tors,  Semicad  Device  by  Dawn  Technologies,  Inc.,  and 
Atlas/Blaze/Luminous  by  Silvaco  International.  Ar¬ 
eas  where  the  numerical  models  are  applicable  are 
noted.  Finally,  we  present  examples  which  demon¬ 
strate  the  usefulness  of  the  numerical  techniques. 

ANALYTIC  MODEL 

Analytic  models  can  provide  insight  and  efficiency 
that  is  beyond  the  capability  of  purely  numerical 
techniques.  The  analytic  model  we  have  adopted  can 
account  for  a  large  fraction  of  the  experimental  re¬ 
sults  obtained  on  the  best  HgCdTe  photovoltaic  detec¬ 
tors,  whether  they  be  homojunctions  or  hetero¬ 
junctions.  This  has  been  achieved  by  aggressive  appli¬ 
cation  of  conventional  models.  Our  approach  is  con¬ 
sistent  with  results  obtained  from  more  complete 
numerical  calculations,  presumably  justifying  our 
assumptions.  The  adopted  one-dimensional  analytic 
model  considers  current  from  the  space  charge  neu¬ 
tral  regions  on  both  sides  of  the  p\n  junction  (diffu¬ 
sion  current),  the  depletion  region  of  the  junction,  and 
band-to-band  tunneling  across  the  junction. 

Optically  generated  currents  are  taken  from  Hovel.1 
Contributions  from  the  p-side  and  n-side  neutral 
regions  and  depletion  region  of  the  junction  are  in¬ 
cluded  in  this  calculation.  Optionally,  a  reflection 
from  the  back  optical  interface  may  be  included  to 
allow  for  a  second  pass  of  light  through  the  detector. 

The  diffusion  current  model2  for  dark  current  in¬ 
cludes  the  effect  of  neutral  region  thicknesses  and 


associated  boundary  surface  recombination  velocities 
on  both  sides  of  the  junction.  Although  specification  of 
a  low  surface  recombination  velocity  (for  example, 
zero)  can  lead  to  a  violation  of  current  conservation  for 
this  model,  in  practice  the  benefits  of  low  recombina¬ 
tion  velocity  interfaces  can  be  obtained  by  employing 
high/low  junctions3  (carrier  concentration  variation), 
and/or  isotype  heterojunctions.  So,  even  though  this 
simple  model  does  not  strictly  include  the  effects  of 
nearby  junctions,  we  can  proceed  as  if  it  does  by 
choosing  appropriate  interface  recombination  veloci¬ 
ties.  This  consideration  is  important  for  analytically 
modelingheterojunctionp  on  n  HgCdTe  diodes,  which 
can  be  modeled  as  p/n  homojunction  devices  with  very 
thin  p-type  regions  bounded  on  the  p-side  with  a  low 
recombination  velocity  interface.  For  a  p/n  homo¬ 
junction  device,  diffusion  current  from  the  thin  p-side 
will  dominate  total  diffusion  leakage  current  because 
of  the  high  electron  mobility  and  the  proximity  of  the 
p-side  ohmic  contact,  which  is  by  definition  a  high 
recombination  velocity  interface.  An  interposedisotype 
p/p  heterojunction  can  eliminate  this  problem,  allow¬ 
ing  diffusion  current  from  the  n-side  of  the  junction  to 
dominate  leakage  current;  in  fact,  an  isotype 
heterojunction,  a  high/low  junction,  or  very  heavily 
doped  high  quality  p-type  material  is  required  to 
achieve  competitive  performance  from  this  device 
architecture  in  the  diffusion  limited  temperature  re¬ 
gime.  Also,  the  side  of  the  junction  connected  to  the 
substrate  is  often  modeled  as  if  the  interface  recombi¬ 
nation  velocity  is  zero.  In  a  real  device,  current  conti¬ 
nuity  is  achieved  by  lateral  current  flow;  consequently, 
the  one-dimensional  model  will  underestimate  this 
current  component  unless  an  appropriate  effective 
recombination  velocity  is  used.  Remarkably,  we  find 
that  for  the  best  HgCdTe  diodes  fabricated  in  our 
laboratory,  and  the  best  diodes  reported  by  others  in 
the  literature,  assumptions  which  limit  dominant 
current  generation  to  the  substrate  side  of  the  junc¬ 
tion,  assume  zero  recombination  velocity  for  the  ac¬ 
tive  layer/substrate  interface,  and  use  only  intrinsic 
recombination  mechanisms  that  are  within  a  factor  of 
two  of  accounting  for  experimental  data. 

Depletion  region  (g-r)  currents  are  usually  asso¬ 
ciated  with  Shockley-Read  centers.  We  adopt  the 
formulation4  which  applies  to  asymmetrical  junctions 
and  uses  computed  limits  to  evaluate  the  associated 
integrals.  Because  radiative  and  Auger  lifetime  lim¬ 
iting  mechanisms  can  dominate  recombination  in  the 
neutral  regions,  we  also  include  their  contribution  in 
the  depletion  region.5  For  the  device  architectures,  we 
typically  fabricate,  these  contributions  to  leakage 
current  are  small,  except  at  low  temperatures  with 
Shockley-Read  recombination  enabled. 

The  functional  dependence  of  the  band  to  band 
tunneling  current  model  is  taken  from  Moll.6  The 
electric  field  is  calculated  from  the  depletion  ap¬ 
proximation,  and  half  of  the  maximum  value  is  used 
as  the  relevant  field  in  the  tunneling  current  expres¬ 
sion.  The  reduced  mass  (mr  =  2*me*mh/[me+mh])  is 
used  for  the  tunneling  effective  mass,  where  me  is  the 
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electron  effective  mass,  and  mh  is  the  hole  effective 
mass.  A  choice  is  still  required  for  the  shape  of  the 
potential  barrier.  We  use  an  empirical  constant,  fit  to 
experimental  data,  for  the  value  associated  with  bar¬ 
rier  shape;  this  constant  is  between  the  theoretical 
values  derived  for  parabolic  and  triangular  shaped 
barriers.  Although  this  model  is  extremely  sensitive 
to  parameter  variation,  we  find  this  fitting  constant  is 
independent  of  material  composition,  within  the  lim¬ 
its  of  experimental  error,  for  the  mid  wave  infrared 
(MWIR)  and  long  wave  infrared  (LWIR)  devices  we 
measured. 

Finally,  a  HgCdTe  material  library  must  be  se¬ 
lected  to  provide  model  parameters.  The  required 
parameters,  and  the  sources  we  use,  are  as  follows: 
electron  effective  mass,7  high  frequency  and  static 
dielectric  constants,8  bandgap,9  intrinsic  carrier  con- 
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Fig.  1 .  Experimental  data  and  model  calculations  of  R0A  product  as  a 
function  of  temperature  and  spectral  response  at  78K  for  a  HgCdTe 
diode  with  a  cutoff  wavelength  of  16.4  microns  at  78K. 


centration,10  Auger  lifetime,11  radiative  lifetime,12 
Shockley-Read  lifetime,13  electron  and  hole  mobil¬ 
ity,14  and  optical  absorption  coefficient.15  The  overlap 
integral  for  Auger  recombination  is  taken  to  be  0.2. 
The  hole  effective  mass  is  0.5,  independent  of  mate¬ 
rial  composition.  The  majority  and  minority  carrier 
mobilities  are  assumed  equal. 

APPLICATION  OF  THE  ANALYTIC  MODEL 

Two  examples  of  application  of  the  analytic  model 
are  presented.  The  first  example  models  devices  from 
a  very  long  wavelength  infrared  (VLWIR)  array  fab¬ 
ricated  in  HgCdTe  grown  by  molecular  beam  epitaxy, 
and  the  second  example  models  MWIR  detectors 
fabricated  in  material  grown  by  liquid  phase  epitaxy. 
Both  are  planar  p/n  heterostructure  detectors. 
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Fig.  2.  Calculated  and  measured  reverse  bias  l-V  curve  at  21 K,  and 
calculated  and  measured  current  density  vs  inverse  temperature  at 
two  different  reverse  bias  voltages  for  the  detector  from  Fig.  1. 
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Figure  1  shows  experimental  data  and  model  calcu¬ 
lations  of  R0A  product  as  a  function  of  temperature 
and  spectral  response  at  78Kfor  a  HgCdTe  diode  with 
a  cutoff  wavelength  of  16.4  pm  at  78K.  Based  on 
independent  measurement,  the  model  input  param¬ 
eters  are  junction  depth  (1  pm),  layer  thickness  (11 
pm),  and  n-side  carrier  concentration  of  2  x  1015  cm-3 
obtained  from  Hall  measurements.  The  material  com¬ 
position  (x  =  0.194)  is  selected  to  match  the  cutoff 
wavelength.  Zero  surface  recombination  velocity  was 
assumed  for  both  the  back  and  front  interfaces,  and 
only  radiative  and  Auger  recombination  mechanisms 
were  considered.  The  fit  to  the  data  over  the  entire 
temperature  range  is  remarkably  good.  In  light  of  the 
demanding  assumptions  made  by  the  model,  which 
amounts  to  defect-free  material  and  ideally  func¬ 
tioning  interfaces,  the  experimental  result  repre- 


Forward  Bias  (volts) 

Fig.  3.  Measured  and  calculated  forward  bias  l-V  curves,  including  the 
effect  of  series  resistance,  for  the  detector  from  Fig.  1 . 


sents  a  considerable  technological  achievement.  At 
high  temperature,  the  device  is  limited  by  diffusion 
current  from  the  n-side  of  the  junction,  while  at  low 
temperature  band-to-band  tunneling  current  domi¬ 
nates. 

Good  agreement  is  also  obtained  between  calcu¬ 
lated  and  measured  current-voltage  (I-V)  charac¬ 
teristics.  Figure  2  shows  calculated  and  measured 
reverse  bias  I-V  curve  at  21K,  and  calculated  and 
measured  current  density  vs  inverse  temperature  at 
two  different  reverse  bias  voltages.  The  dominance  of 
diffusion  current  at  high  temperature  and  the  smooth 
transition  to  band-to-band  tunneling  current  at  low 
temperatures  is  again  noted.  Figure  3  shows  mea¬ 
sured  and  calculated  forward  bias  I-V  curves,  includ¬ 
ing  the  effect  of  series  resistance.  Good  agreement  is 
observed  at  3  OK  and  above,  but  at  lower  temperatures 
significant  deviations  from  the  model  are  obtained. 
Current  larger  than  predicted  observed  at  low  for¬ 
ward  bias  is  likely  due  to  band-to-band  tunneling, 
which  was  not  included  in  this  calculation,  and  trap- 
assisted  tunneling  at  somewhat  larger  bias;  but,  the 
lower  than  predicted  current  at  intermediate  forward 
bias  is  unexplained.  Carrier  freezeout  in  p-type  mate¬ 
rial  might  provide  some  answers. 

Figure  4  shows  experimental  data  and  model  calcu¬ 
lations  of  R0A  product  as  a  function  of  temperature, 
spectral  response  at  78K,  and  quantum  efficiency  vs 
temperature  for  a  HgCdTe  diode  with  a  cutoff  wave¬ 
length  of  5.3  pm  at  78K.  The  model  input  parameters 
are  junction  depth  (2  pm),  layer  thickness  (15  pm), 
and  n-side  carrier  concentration  of  5  x  1015  cm”3 
obtained  from  Hall  measurements.  The  material  com¬ 
position  (x  =  0.2996)  is  selected  to  match  the  cutoff 
wavelength.  Zero  surface  recombination  velocity  was 
assumed  for  both  the  back  and  front  interfaces,  and 
only  radiative  and  Auger  recombination  mechanisms 
were  considered.  At  temperatures  below  100K,  the 


Temperature  (K) 


a  b  C 

Fig.  4.  Experimental  data  and  model  calculations  of  R0A  product  as  a  function  of  temperature,  spectral  response  at  78K,  and  quantum  efficiency 
vs  temperature  for  a  HgCdTe  diode  with  a  cutoff  wavelength  of  5.3  microns  at  78K. 
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R0A  product  could  not  be  directly  measured  because  of 
equipment  limitations  and  the  low  currents  involved; 
so  was  calculated  based  on  the  measured  saturation 
current  at  reverse  bias.  Again,  the  fit  to  the  data  over 
the  entire  temperature  range  is  remarkably  good,  in 
spite  of  the  demanding  assumptions  made  by  the 
model.  The  device  is  limited  by  diffusion  current  from 
the  n-side  of  the  junction,  over  the  entire  temperature 
range. 

These  examples  demonstrate  that  the  analytic  model 
accounts  for  experimental  detector  data,  and  its  de¬ 
pendence  on  temperature  and  voltage  is  self-consis¬ 
tent.  The  relatively  small  number  of  input  param¬ 
eters  in  each  case  was  taken  from  independently 
supplied  data  and  the  material  library,  and  not  by 
adjusting  parameters  to  provide  a  fit  to  the  model. 
These  results  are  significant  for  three  reasons.  First, 
the  material  library,  which  is  also  needed  for  numeri¬ 
cal  modeling,  must  be  fairly  good.  Second,  the  as¬ 
sumptions  used  to  derive  the  analytic  models  are 
reasonable,  so  design  trades  based  on  consideration  of 
the  equations  have  practical  value.  Third,  the  tech¬ 
nology  is  capable  of  achieving  performance  which 
follows  from  device  design. 

NUMERICAL  SIMULATORS 

Numerical  simulation  allows  investigation  of  more 
complex  device  architectures;  such  as  those  which 
simulate  real  device  structures,  and  may  employ 
heterojunctions  and  graded  band  gap  regions.  Also, 
two-  and  three-dimensional  effects  can  be  explored. 
We  have  used  HET  III,  a  version  of  SEDAN  III  from 
Stanford  University  modified  by  Santa  Barbara  Re¬ 
search  Center  (SBRC),  and  two  commercial  semicon¬ 
ductor  device  simulators,  Semicad  Device  by  Dawn 
Technologies,  Inc.,  and  Atlas/Blaze/Luminous  by 
Silvaco  International.  These  are  compared,  along 
with  results  of  the  above  analytical  model. 

Our  material  library  was  implemented  for  both 
commercial  device  simulators.  We  used  the  library 
supplied  with  HET  III  for  its  simulations,  since  imple¬ 
mentation  of  our  library  would  require  more  work 
than  we  were  prepared  to  do.  Also,  only  HET  III  does 
not  support  the  radiative  and  Auger  recombination 
mechanisms;  so,  an  effective  Shockley-Read  lifetime 
must  be  generated  for  comparison.  Although  HET  III 
claims  to  support  Auger  recombination,  it  will  not 
include  the  effect  for  calculation  of  reverse  bias  dark 
currents,  leading  to  nonphysical  results  in  the  calcu¬ 
lation  of  current- voltage  characteristics.  We  ran  cases 
with  Semicad  using  just  Shockley-Read  recombina¬ 
tion  compared  to  the  results  obtained  using  intrinsic 
mechanisms  to  estimate  the  effect  of  this  limitation. 
The  procedure  will  not  always  lead  to  an  equivalent 
R0A  product  unless  an  unrealistically  long  (longer 
than  radiative)  lifetime  is  chosen  for  one  side  of  the 
junction  and  will  not  correctly  predict  RqA  product 
temperature  dependence  or  current-voltage  charac¬ 
teristics. 

Initially,  we  checked  calculations  for  a  homojunction 
device  with  ohmic  contacts  at  both  boundaries  against 
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the  analytic  model,  since  this  structure  can  be  accu¬ 
rately  represented  by  all  models.  Current-voltage 
curves  and  quantum  efficiencies  vs  wavelength  are 
shown  in  Fig.  5.  Excellent  agreement  for  all  models 
was  obtained  in  calculation  of  diffusion  limited  cur¬ 
rent-voltage  characteristics.  HET  III  yielded  slightly 
larger  (by  about  a  factor  of  two)  dark  current,  presum¬ 
ably  due  to  slight  differences  in  the  material  libraries. 
We  also  noted  somewhat  lower  current  at  large  for¬ 
ward  bias  for  the  numerical  models  (current  density 
greater  than  100  amps/cm2),  which  probably  indi¬ 
cates  the  onset  of  high  injection.  HET  III  predicts  a 
longer  cutoff  wavelength,  likely  a  result  of  absorption 
coefficient  model  differences.  The  quantum  efficien¬ 
cies  at  shorter  wavelength  are  not  in  agreement,  with 
the  highest  predictions  coming  from  the  Semicad,  and 
the  lowest  from  HET  III.  Also,  note  that  different 
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Fig.  5.  Calculation  of  l-V  curves  and  quantum  efficiency  vs  wavelength 
for  a  homojunction  HgCdTe  diode  bounded  by  ohmic  contacts. 
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Fig.  6.  Calculation  of  l-V  curves  and  quantum  efficiency  vs  wavelength 
for  a  p/n  heterojunciion  detector  in  graded  bandgap  material. 


quantum  efficiency  is  obtained  by  Semicad  if  a 
Shockley-Read  lifetime  replaces  the  equivalent  in¬ 
trinsic  lifetime,  although  this  replacement  had  no 
effect  on  calculated  dark  current.  The  overall  agree¬ 
ment  between  analytic  and  numerical  simulation 
results  at  high  temperature  is  encouraging;  but,  at 
low  temperatures  where  g-r  currents  or  band-to-band 
tunneling  dominate,  significant  deviations  were  ob¬ 
tained.  The  numerical  packages  predict  much  larger 
tunneling  current  than  the  analytic  model.  Also,  while 
HET  III  terminates  calculation  of  tunneling  current 
at  some  reverse  bias  threshold,  the  commercial  pack¬ 
ages  will  predict  nonzero  tunnel  current  at  zero  bias 
and  negative  current  at  small  forward  bias.  Further¬ 
more,  numerical  problems  prevent  the  commercial 
packages  from  predicting  I-V  curves  at  low  current, 
where  g-r  currents  are  important. 


Next,  we  compare  simulations  of  a  p/n  hetero¬ 
junction  detector  in  graded  bandgap  material,  as 
shown  in  Fig.  6.  The  structure  modeled  is  the  same  as 
that  modeled  by  Kosai  and  Radford,16  (cap  composi¬ 
tion  of  0.3,  heterojunction  width  of  0.2  pm,  and  base 
carrier  concentration  of  2  x  IQ15  cm~3).  The  analytic 
model  assumes  boundaries  with  zero  recombination 
velocities  and  uses  a  constant  material  composition 
representing  an  average  of  the  narrow  band  gap 
material  (0.223)  with  thickness  (10  pm)  correspond¬ 
ing  to  the  narrow  bandgap  region  of  the  structure. 
Both  commercial  simulators  provide  identical  results 
in  the  I-V  calculation,  except  at  the  largest  forward 
bias.  HET  III  predicts  somewhat  larger  dark  current 
and  is  consistent  with  the  difference  in  homojunction 
results  which  was  ascribed  to  library  differences. 
Also,  Semicad  indicates  different  dark  current  de¬ 
pending  on  the  recombination  mechanism,  predicting 
slightly  lower  dark  currents  when  a  Shockley-Read 
lifetime  mechanism  is  used  in  place  of  the  intrinsic 
mechanisms.  The  analytic  model  is  in  good  agree¬ 
ment  with  the  numerical  models.  Some  differences  in 
quantum  efficiency  are  noted;  the  commercial  simu¬ 
lators  differ  in  spite  of  their  agreement  for  dark 
current.  Some  variation  in  calculated  cutoff  wave¬ 
length  is  also  observed.  Calculated  quantum  effi¬ 
ciency  of  82%  and  cutoff  wavelength  of  10.5  microns 
from  Ref.  16  are  in  fair  agreement  with  our  results, 
considering  library  differences.  The  R0A  product  was 
not  mentioned  in  Ref.  16,  but  we  calculate  1100  ohm- 
cm2  with  the  commercial  simulators  and  our  library; 
this  value  is  likely  higher  than  what  they  measured. 

A  summary  of  our  experience  with  these  simulators 
is  found  in  Table  I.  Diffusion  currents  are  well  pre¬ 
dicted  by  all  models.  The  commercial  numerical  simu¬ 
lators  both  have  numerical  problems  at  low  tempera¬ 
tures  (meaning  low  current)  which  prevent  meaning¬ 
ful  comparison  of  g-r  limited  currents;  while  HET  III 
and,  of  course,  the  analytic  model  do  not.  The  analytic 
model  and  HET  III  are  in  good  agreement  in  calculat¬ 
ing  g-r  currents;  for  example,  at  20  mV  reverse  bias  for 
a  LWIR  homojunction  device,  the  analytic  model 
predicts  5  x  10-10  amps/cm2  dark  current,  while  HET 
III  predicts  9  x  10~10  amps/cm2.  We  note  that  a 
heterojunction  implementation  of  the  device  only 
reduces  this  g-r  current  to  6  x  10~10  amps/cm2,  as 
calculated  by  HET  III.  All  of  the  numerical  simulators 
predict  larger  band-to-band  tunneling  current  than 
we  observe  experimentally.  Differences  in  quantum 
efficiency  calculations  are  noted,  but  experimental 
uncertainties  in  device  parameters  and  measure¬ 
ment  accuracy  make  discrimination  between  models 
on  this  basis  uncertain.  Cutoff  wavelength  differ¬ 
ences  are  ascribed  to  library  differences  (HET  III)  and 
an  addressable  programming  issue  (Blaze).  In  spite  of 
the  problems  noted,  we  generally  find  these  simula¬ 
tors  to  be  valuable  assets  in  analyzing  many  impor¬ 
tant  aspects  of  HgCdTe  detector  data.  Removing  the 
limitations  in  calculating  low  current  for  the  commer¬ 
cial  packages  would  increase  their  range  of  validity 
and  usefulness. 
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APPLICATION  OF  NUMERICAL 
SIMULATORS 

A  few  examples  which  demonstrate  the  value  of 
numerical  models  are  presented.  They  all  deal  with 
device  operation  in  the  diffusion  limited  regime.  The 
first  example  models  the  effect  of  p/n  junction  place¬ 
ment  relative  to  heterojunction  position  on  dark  cur¬ 
rent  and  photocurrent.  We  also  discuss  the  effect  of 
bias  dependent  quantum  efficiency  on  RA  products 
with  background  photon  flux,  and  the  optimization  of 
device  performance  in  layers  with  graded  band  gaps. 

Figure  7  shows  calculations  of  current- voltage  char¬ 
acteristics  and  quantum  efficiency  vs  wavelength  for 
a  heterojunction  device  as  a  function  of  the  placement 
of  the  p/n  junction  relative  to  the  heterojunction.  The 
device  architecture  is  that  mentioned  previously;16 


composition  0.3  cap  layer,  2  x  1015  cnr3  n-type  base 
carrier  concentration,  and  a  heterojunction  width  of 
0.2  pm.  The  designation  0  microns  in  the  figure  means 
that  the  heterojunction  is  coincident  with  the  p/n 
junction;  this  yields  a  barrier  free  heterojunction 
photodiode  for  this  case.  As  the  p/n  junction  is  dis¬ 
placed  into  the  wide  band  gap  p-type  material  (nega¬ 
tive  displacement)  relative  to  the  heterojunction,  a 
barrier  in  the  valance  band  will  eventually  form.  The 
model  shows  that  a  barrier  forms  for  displacement 
between  -0.2  and  -0.4  microns.  The  barrier  becomes 
larger  for  further  displacement.  The  valance  band 
barrier  reduces  both  dark  current  and  photocurrent, 
since  they  both  are  dominated  by  minority  hole  collec¬ 
tion  from  the  n-type  base  material.  The  calculations 
show  that  dark  current  and  photocurrent  are  propor¬ 
tionately  affected,  so  the  barrier  will  reduce  detector 
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Fig.  7.  Calculated  l-V  characteristics  and  quantum  efficiency  vs  wavelength  for  a  heterojunction  diode  as  a  function  of  the  placement  of  the  p/n 
junction  relative  to  the  heterojunction. 
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Fig.  8.  Calculated  l-V  characteristics  for  a  barrier  free  and  a  barriertype 
heterojunction  devices  at  various  photon  flux  densities. 

signal-to-noise  ratio  by  the  square  root  of  the  reduc¬ 
tion  in  either  current,  since  signal  is  proportional  to 
photocurrent,  while  noise  is  proportional  to  the  square 
root  of  dark  current.  Consequently,  signal-to-noise 
ratio  can  only  be  decreased  for  barrier  type  hetero¬ 
junctions  operated  in  the  diffusion  limited  regime. 
This  does  not  mean  that  the  isotype  heterojunction  is 
not  desirable  for  the  p/n  architecture;  it  is  a  mistake, 
though,  to  try  to  put  the  two  too  close  together. 
Modeling  indicates  that  several  pm  relative  displace¬ 
ment  of  the  p/n  junction  into  the  narrow  bandgap 
material  is  preferred,  since  then  small  variations  in 
placement  will  not  substantially  affect  device  perfor¬ 
mance.  The  preferred  configuration  leads  to  signal- 
to-noise  ratio  attained  by  a  one-sided  homojunction, 
without  the  uniformity  problems  and  performance 
issues  that  are  inherent  in  the  barrier  type  hetero¬ 
junction  device. 


Devices  with  barriers,  as  the  -0.4  um  example 
demonstrates,  show  bias  dependent  quantum  effi¬ 
ciencies,  because  increasing  reverse  bias  increases 
the  depletion  region  width,  consequently  reducing 
valance  band  barrier  height.  The  quantum  efficiency 
increase  under  reverse  bias  is  offset,  however,  by 
corresponding  increase  in  dark  current,  via  the  same 
mechanism;  so,  at  -0.1  volt  for  the  -0.4  micron  case, 
the  quantum  efficiency  and  dark  current  are  both 
nearly  the  same  value,  as  shown  in  Fig.  7,  as  that  of 
the  barrier  free  heterojunction  device.  The  bias  de¬ 
pendence  of  quantum  efficiency  for  such  devices  will 
depend  critically  on  several  device  parameters,  such 
as  base  carrier  concentration,  heterojunction  width, 
cap  layer  composition,  and  relative  placement  of 
heterojunction  and  p/n  junction.  This  example  dem¬ 
onstrates  that  heterojunctions  do  not  offer  inherent 
performance  advantages  over  homojunctions,  and  in 
fact  can  only  reduce  performance  below  that  obtained 
with  a  homojunction  while  simultaneously  introduc¬ 
ing  a  host  of  practical  problems  and  demanding  ex¬ 
treme  control  of  the  technology. 

Although  our  calculations  are  generally  in  agree¬ 
ment  with  those  reported  elsewhere;16  for  example,  in 
the  calculation  of  band  diagrams  and  the  effect  of 
barriers  on  quantum  efficiency,  we  do  not  see  flux 
dependent  quantum  efficiencies,16  even  for  barrier 
type  heterojunction  devices.  In  Fig.  8,  we  show  calcu¬ 
lated  I-V  characteristics  at  various  photon  flux  densi¬ 
ties  for  a  barrier  free  and  a  barrier  type  heterojunction 
device.  The  curves  show  flux  independent  quantum 
efficiencies  for  both  devices,  as  indicated  by  the  pro¬ 
portionality  of  current  to  photon  flux  at  a  given  bias 
voltage  (if  dark  current  is  subtracted).  The  quantum 
efficiency  of  the  barrier  type  device  is  much  more  bias 
dependent  than  that  of  the  barrier  free  device,  as 
indicated  by  the  dependence  of  photocurrent  on  bias 
voltage  evident  in  the  right  half  of  the  figure.  This 
data  suggests  that  the  often  observed  flux  dependence 
of  R0A  products  are  simply  a  direct  result  of  bias 
dependent  quantum  efficiency.  A  relationship  is  eas¬ 
ily  derived  from  this  concept;  R0A  =  l/(qOdq/dV), 
where  q  is  the  electronic  charge,  is  the  photon  flux, 
and  drj/dV  is  the  derivative  of  quantum  efficiency 
with  respect  to  voltage  at  zero  bias.  This  relationship 
is  easy  to  check  experimentally.  This  interpretation 
explains  the  large  variation  of  flux  dependent  R0A 
products  for  different  devices,  the  increase  in  interest 
in  this  subject  since  HgCdTe  heterojunction  devices 
became  popular,  and  the  experimentally  noted  in¬ 
verse  flux  dependence.  The  explanation  is  really  not 
substantially  different  from  the  original  explanation 
proposed  by  Rosbeck  et  al.14,  considering  additional 
bias  dependent  quantum  efficiency  mechanisms  which 
are  inherent  to  heterojunction  device  physics. 

As  a  final  example,  we  investigate  the  effect  of  layer 
grading  on  device  performance.  Although  graded  lay¬ 
ers  might  seem  to  have  advantages  because  band  gap 
grading  can  be  used  to  sweep  optically  generated 
minority  carriers  toward  the  p/n  junction  to  enhance 
collection,  while  simultaneously  minimizing  the 
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amount  of  dark  current  generating  narrow  band  gap 
material  necessary  to  achieve  a  given  cutoff  wave¬ 
length,  detectors  fabricated  in  homogenous  composi¬ 
tion  layers  are  superior.  This  is  demonstrated  by 
optimizing  detector  signal-to-noise  ratio  for  operation 
at  a  particular  wavelength,  near  ten  microns  in  this 
case,  in  devices  simulated  in  graded  and  ungraded 
HgCdTe.  A  barrier  free  p/n  heterojunction  device  in 
ideal  material  with  fixed  doping  densities  is  modeled; 
layer  thickness  and  material  composition  were  cho¬ 
sen  to  optimize  detector  peak  wavelength  D*  for  each 
device.  A  compositional  fraction  grading  constant  of 
0.001/micron  was  chosen  for  the  graded  material.  As 
shown  in  Fig.  9,  D*  (detector  limited,  zero  field  of 
view)  is  1.5  times  larger  in  the  optimized  device  in 
ungraded  material.  This  result  is  not  intuitively  obvi¬ 
ous.  Previous  calculations,  which  have  discussed  the 
benefits  of  grading  for  quantum  efficiency  enchance¬ 
ment  or  dark  current  reduction,  have  not  been  applied 
to  calculate  detector  signal  to  noise  ratio.  The  graded 
material  yields  a  longer  cutoff  wavelength  but  does 
not  give  better  peak  wavelength  performance.  Larger 
grading  constants  and  longer  detector  cutoff  wave¬ 
lengths  increase  the  severity  of  this  limitation. 

SUMMARY  AND  CONCLUSIONS 

We  discussed  analytic  and  numerical  modeling  of 
HgCdTe  photodiodes  and  presented  examples  of  their 
application.  Analytic  models  account  remarkably  well 
for  a  lot  of  data,  implying  a  reasonable  material 
library  and  a  fair  degree  of  technological  maturity. 
For  device  architectures  that  can  be  modeled  by  both 
numerical  and  analytic  models,  agreement  in  many 
aspects  of  device  performance  results,  particularly  in 
the  calculation  of  diffusion  limited  dark  current.  Limi¬ 
tations  of  the  commercial  device  simulators  prevent 
calculation  of  low  level  currents,  particularly  at  levels 
relevant  to  g-r  limited  dark  current;  however,  HET  III 
and  the  analytic  model  are  in  good  agreement  in  this 
regime.  The  numerical  models  overestimate  band-to- 
band  tunneling  current  and  do  not  provide  physically 
reasonable  behavior  near  zero  bias.  The  limitations 
on  the  numerical  models  can  be  removed  with  further 
software  development.  Quantum  efficiency  calcula¬ 
tion  differences  were  not  so  large  that  experimental 
discrimination  between  models  would  be  easily  ac¬ 
complished. 

We  have  obtained  some  useful  results  from  the 
numerical  simulators.  Flux  dependent  R0A  products 
can  be  explained  in  terms  of  bias  dependent  quantum 
efficiency.  Material  composition  grading  is  an  unde¬ 
sirable  feature  in  an  FPA  technology.  Particularly  for 
high  temperature  operation,  heterojunction  detec¬ 
tors  can  at  best  equal  the  performance  of  well-de¬ 
signed  homojunction  devices.  Heterojunction  diodes 
are  well-known  to  be  useful  in  transistor  design 
because  they  have  high  injection  efficiency,  but  there 
is  no  corresponding  physical  reason  they  offer  any 
advantage  over  well-designed  homojunction  diodes 
for  optical  detection. 

Heterostructures,  though,  may  be  of  practical  ben- 
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efit  for  optimization  of  detector  design  at  these  tem¬ 
peratures,  but  ideally  are  not  required,  since  the  same 
benefits  can  also  be  achieved  through  the  use  of  high/ 
low  junctions,  high  carrier  concentration,  or  surface 
passivation.  For  lower  temperature  operation,  when 
devices  are  limited  by  g-r  current  or  trap  assisted 
tunneling  current,  numerical  modeling  indicates  that 
some  performance  advantage  is  possible  with  the 
heterojunction.  The  g-r  limited  case  we  examined 
showed  less  than  a  factor  of  two  reduction  in  dark 
current  on  changing  to  a  high  quantum  efficiency 
heterojunction  design;  however,  it  is  reasonable  to 
expect  some  other  choice  of  parameters  might  make 
the  advantage  somewhat  larger.  Perhaps  a  greater 
proportional  benefit  is  to  be  expected  for  devices 
limited  by  trap  assisted  tunneling.  However,  the 
heterojunction  device  introduces  a  host  of  practical 
problems,  such  as  poor  uniformity  and  bias  depen¬ 
dent  quantum  efficiency.  Also,  additional  defects  as¬ 
sociated  with  the  heterojunction  itself  may  not  result 
in  a  net  trap  assisted  tunnel  or  g-r  current  reduction. 
Diode  dependent  scatter  in  the  data  for  devices  which 
are  defect  limited  make  clear  interpretation  of  experi¬ 
mental  results  difficult,  but  the  authors  are  unaware 
of  any  data  that  favors  the  heterojunction  approach 
since,  at  low  temperatures,  data  on  the  best  devices 
show  the  same  performance  for  heterojunctions  and 
homojunctions.  Although  it  is  plausible  to  theoreti¬ 
cally  expect  benefit  from  the  heterojunction  architec¬ 
ture  for  devices  limited  by  these  two  current  mecha¬ 
nisms,  it  will  be  extremely  challenging  for  the  tech¬ 
nology  to  convincingly  demonstrate  that  it  can  imple¬ 
ment  the  control  necessary  to  use  these  benefits. 
Finally,  if  band-to-band  tunneling  dominates,  it  is 
simpler  to  reduce  the  carrier  concentration  on  the 
lightly  doped  side  of  the  junction  than  to  introduce  a 
heterojunction.  So  we  recommend  that,  to  increase 
performance  at  low  temperature,  trap  assisted  tun- 


2  4  6  8  10  12  14 

Wavelength  (jL/m) 


Fig.  9.  Comparison  of  calculated  peak  wavelength  D*  for  optimized 
detectors  in  compositionally  graded  and  constant  composition  ma¬ 
terial. 
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technology  to  remove  the  responsible  defects;  to  im¬ 
prove  performance  at  all  temperatures,  hetero¬ 
structures,  if  used,  be  kept  well  away  (more  than  1 
Jim)  from  the  photo-sensitive  p/n  junction. 
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The  Magnetic  Field  Dependence  of  R0A  Products  in 
n-on-p  Homojunctions  and  p-on-n  Heterojunctions  from 
Hg0  78Cd022Te  Liquid  Phase  Epitaxy  Films 
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Dallas,  TX  75265 

The  analysis  of  R0A  products  as  a  function  of  magnetic  field  in  n-on-p  diodes 
using  a  simple  diffusion  current  model  has  previously  been  shown  to  yield  both 
J  /Jtotal  ratio  (the  relative  contribution  of  the  p-side  diffusion  current)  and  pep  (the 
minority  carrier,  electron  mobility).  In  this  paper,  we  report  the  good  agreement 
between  the  experimental  and  theoretical  dependence  of  p  on  the  hole  concen¬ 
tration  over  a  wide  range  between  1  x  1016  and  4  x  1017  cnr3  in  n-on-p 
homojunction  diodes  fabricated  on  undoped  p-type  Hg0  78Cd022Te  liquid  phase 
epitaxial  (LPE)  films.  The  averaged  Jep/Jtotal  ratio  varied  between  68  and  90% 
with  the  hole  concentration.  These  Jep/Jtotal”  ratios  indicate  that  other  leakage 
current  mechanisms  than  the  p-side  diffusion  current  were  not  negligible.  Also, 
for  the  first  time,  comparative  measurements  were  made  on  p+/n  heterojunction 
diodes  consisting  of  As-doped  Hg0  70Cd0  30Te  and  In-doped  Hg0  78Cd0  ?2Te  LPE 
layers.  Unlike  a  typical  change  in  R0A  products  by  a  factor  of  2-3  in  n-on-p 
homojunction  diodes,  the  RqA  products  in  p+/n  heterojunction  diodes  at  7  kG  were 
typically  only  2-3%  higher  than  that  at  the  zero  field.  The  typical  Jep/Jtotal  ratio 
in  p+/n  heterojunction  diodes  was  about  3-4  %,  which  confirms  the  general  belief 
that  the  p+  cap  layer,  due  to  the  high  doping  and  a  larger  bandgap,  contributes 
very  little  to  the  total  leakage  current. 

Key  words:  HgCdTe,  IR  detectors,  magnetic  field  dependence,  R()A  products 


INTRODUCTION 

Schacham  and  Finkman1  pioneered  the  analysis  of 
R0A  products  as  a  function  of  magnetic  field  in  HgCdTe 
n-on-p  diodes  using  a  simple  diffusion  current  model 
to  deduct  the  relative  contributions  of  diffusion  cur¬ 
rent  from  each  side  of  the  junction,  i.e.,  Jep  (designated 
for  electron  diffusion  current  from  p-side)  and  Jhn 
(designated  for  hole  diffusion  current  from  n-side). 
They  studied  the  temperature  dependence  between 
13  and  160K  of  both  Jep  and  in  one  n-on-p 
homojunction  diode  fabricated  by  ion  implantation. 
At  80K,  the  Jep/Jtotal  ratio  of  about  67%  was  obtained. 
However,  Schacham  and  Finkman  arrived  at  the 
wrong  conclusion  that  their  diodes  were  “short”  di¬ 
odes  with  the  diffusion  length  longer  than  the  p-side 
thickness  of  about  100  pm  (see  the  analysis  from  Eq. 
( 1)  and  on  in  the  next  section).  Gordon  et  al.2  used  the 
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analysis  primarily  to  extract  the  minority  carrier 
mobility,  pep,  in  the  p-type  region  of  so-called  “loop¬ 
hole”  diodes  fabricated  by  ion  milling.  Although 
HglxCdxTe  samples  with  a  wide  range  of  hole  concen¬ 
tration  were  studied  from  77  to  300K,  pep  data  of  only 
two  samples  were  presented.  Gordon  et  al.  also  con¬ 
ducted  a  calculation  on  pep  at  77Kas  a  function  of  hole 
concentration  for  x  values  between  0.2  and  0.3.  The 
discrepancy  between  the  experimental  and  calcu¬ 
lated  gep  values  was  about  20%. 

In  this  paper,  we  will  concentrate  on 

•  The  comparison  between  the  experimental  and 
theoretical  dependence  of  pep  on  the  hole  con¬ 
centration  in  undoped  p-type  liquid  phase  epit¬ 
axy  (LPE)  films  for  the  understanding  of  scatter¬ 
ing  mechanisms  for  minority  carriers. 

•  Je  /Jtotal  ratios  to  gauge  the  importance  of  other 
leakage  current  mechanisms  than  the  p-side  dif¬ 
fusion  current  in  n-on-p  homojunction  diodes. 

•  Comparative  measurements  on  p+/n  hetero- 
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Fig.  1 .  The  l-V  curves  at  77K  for  a  typical  n-on-p  diode  from  a 
homojunction  device  AT-2  at  different  magnetic  fields  dearly  show  the 
reduction  of  the  reverse  leakage  current  by  the  magnetic  field. 


junction  diodes  to  confirm  the  general  belief  that 
the  p+  cap  layer  contributes  very  little  to  the  total 
leakage  current. 

EXPERIMENTAL 

Ion  implantation  on  undoped  p-type  Hg0  78Cd022Te 
LPE  films  was  used  to  fabricate  n-on-p  homojunction 
diodes.  Liquid  phase  epitaxy  films  were  grown  on 
lattice-matched  CdZnTe  substrates  from  Te- 
rich  melts  in  a  dipping  reactor.  Post-growth  anneal 
under  different  Eg  partial  pressures  above  300°C 
produced  different  levels  of  Hg  vacancies,  yielding  a 
hole  concentration  range  between  1  x  1016  to  4  x  1017 
cm-3.  The  thickness  of  the  undoped  films  in  this  study 
was  about  50  pm.  The  base  layers  of  p+/n  hetero¬ 
junction  diodes  were  indium-doped  Hg0  78Cd0  22Te  LPE 
films,  also  grown  from  Te-rich  melts  in  a  dipping 
reactor  with  a  typical  doping  concentration  of  about 
1-2  x  10 15  cnr3.  The  cap  layers  were  arsenic-doped 
PIg0  70Cd0  30Te  LPE  films  grown  in  Hg-rich  melts  in  a 
dipping  reactor  with  a  typical  doping  concentration  of 
about  1  x  1Q1S  cm-3.  The  thickness  of  the  n-type  base 
layers  in  this  study  was  about  25  pm.  The  Cd  mole 
fraction,  often  referred  as  the  x  value,  for  all  the  p- 
type  films  in  n-on-p  homojunction  diodes  was  be¬ 
tween  0.225  and  0.230,  and  between  0.220  and  0.225 
for  n-type  base  layers  in  pVn  heterojunction  diodes. 

In  the  simple  diffusion  current  model  first  used  by 
Schacham  and  Finkman,1  the  effects  of  Lorentz  force 
from  the  magnetic  field,  B,  on  the  flow  of  carriers  were 
approximated  by  substituting  the  drift  mobility  with 
an  effective  drift  mobility: 


p* 


1+  p2B2 


(1) 


It  is  apparent  from  Eq.  (1)  that  the  magnetic  field  will 
have  negligible  effects  on  heavy  holes  since  their 
mobility  is  only  about  500  cmW-s.  At  B  =  7  kG,  the 


value  of  pB  is  only  0.035  for  holes.  Therefore,  only  the 
effects  of  the  magnetic  field  on  electron  diffusion 
current  from  the  p-side,  Jep,  can  be  observed.  For 
“long”  diodes  with  the  diffusion  length  shorter  than 
the  film  thickness,  Jep  at  a  zero  field  is:3 


(2) 

p  i 

where  n.  is  the  intrinsic  concentrationt  p  the  hole 
concentration,  T  the  temperature,  and  xep  the  lifetime. 
The  effects  of  the  magnetic  field  on  J  can  then  be 

ep 

expressed  as: 


(3) 


For  “short”  diodes  with  the  diffusion  length  longer 
than  the  film  thickness,  Jep  at  a  zero  field  is:3 


J 


ep 


qn[jd_ 
P  LP 


(4) 


where  d  is  the  thickness  of  the  p-side.  Since  the  carrier 
mobility  is  absent  in  the  expression  of  Jeo  for  “short” 
diodes,  there  should  be  no  effects  from  the  magnetic 
field  on  the  electron  diffusion  current.  Therefore, 
there  should  be  no  dependence  on  the  magnetic  field 
of  R0A  products  of  n-on-p  diodes  with  a  small  p-side 
thickness.4 

Leakage  currents  near  zero  bias  were  measured  by 
a  Keithly  236  source/measure  unit  and  R0A  products 
were  deduced  by  a  three-point  differentiation  method. 
The  diodes,  immersed  in  liquid  nitrogen,  were  ori¬ 
ented  so  that  the  junction  planes  were  parallel  to  the 
magnetic  field.  Therefore,  the  current  flow  through 
the  junction  was  perpendicular  to  the  magnetic  field. 
The  largest  magnetic  field  used  was  7  kG.  R0A  prod¬ 
ucts  at  each  field  were  then  used  to  calculate  the 
leakage  current  according  to  the  following  expression: 


J 


total 


qR0A 


(5) 


Assuming  “long”-diode  condition  for  the  p-side  in  both 
n-on-p  homojunction  diodes  and  pVn  heterojunction 
diodes  in  this  study,  the  dependence  of  Jtotal  on  the 
magnetic  field  can  be  fitted  using: 


(' ^  total  )b 


/!  +  fig  B2 


-  +  Jn 


(6) 


The  three  fitting  parameters  were  Je  ,  pe  ,  and  J0.  J0  is 
the  part  of  total  leakage  current  which  is  independent 
of  the  magnetic  field  and  can  include  the  n-side  hole 
diffusion  current,  generation-recombination  currents 
from  both  the  bulk  and  the  surface,  and  the  tunneling 
current.  It  will  be  shown  in  following  sections  that 
while  a  large  variation  of  Jtota]  with  the  magnetic  field 
allowed  very  good  three-parameter  fits  in  n-on-p 
homojunction  diodes,  only  two-parameter  fits  were 
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feasible  in  p+/n  heterojunction  diodes  due  to  a  small 
variation  of  Jtotal  with  the  magnetic  field.  In  the  latter 
case,  u ...  was  chosen  as  a  fixed  parameter. 

RESULTS  OF  n-ON-p  HOMOJUNCTION 
DIODES 

Four  n-on-p  homojunction  devices  with  the  hole 
concentration  at  77K  at  1  x  1016, 3  x  1016, 1  x  1017,  and 
4  x  1017  cm-3,  respectively,  were  fabricated.  Typically, 
15  to  20  diodes  were  measured  in  each  device.  At  the 
maximum  magnetic  field  of  7  kG,  R0A  products  at  77K 
were  typically  two  to  three  times  those  at  the  zero 
field,  indicative  of  the  strong  deflection  on  the  elec¬ 
tron  diffusion  current  due  to  the  Lorentz  force.  The 
reduction  of  the  reverse  leakage  current  by  the  mag¬ 
netic  field  is  illustrated  in  Fig.  1.  At  a  reverse  bias  of 
0.3  V,  the  leakage  current  at  a  magnetic  field  of  6  kG 
was  half  that  at  a  zero  field.  Almost  all  the  R^A  vs  B 
curves  can  be  fitted  very  well  in  the  scheme  using  Eq. 
(5)  and  Eq.  (6)  described  in  the  previous  section.  Such 
a  fit,  as  plotted  in  Fig.  2,  from  a  typical  diode  in  device 
AT-2  with  a  hole  concentration  of  3  x  1016  cm-3  yielded 
J  =  57  pA/cm2,  pep  =  47000  cmW-s,  and  J0  =  13  pA/ 
cm2.  By  best-fitting  the  R0A  vs  B  curves  of  every  diode 
measured  in  each  of  the  four  devices,  the  resulted 
averaged  values  and  associated  standard  deviations 
(numbers  following!  sign)  for  R0A,  Jep,  pep,  and  Jcp/Jtotal 
are  tabulated  in  Table  I. 

The  averaged  electron  mobility  in  the  p-type  re¬ 
gions  among  diodes  in  each  device  decreased  with 
increasing  hole  concentration,  changing  from  56000 
cmW-s  at  1  x  1016  cur3  to  47300  cmW-s  at  4  x  1017  cm4.  In 
comparison,  Schacham  and  Finkman5  used  a  photo- 
Hall  technique  and  measured  a  minority  carrier  mo¬ 
bility  at  77K  of  about  40000  and  45000  craW-s  at 
1.4  x  1016  cm-3  for  two  undoped  bulk  samples  with  an 
x  value  of  0.225  and  0.230,  respectively.  To  check  the 
validity  of  the  “long”  diode  assumption  in  our  four  n- 
on-p  homojunction  devices,  the  diffusion  length  at 
77K  was  calculated  with  the  averaged  minority  car¬ 
rier  mobility  data  listed  in  Table  I  and  the  minority 
carrier  lifetime  data  for  undoped  p-type  Hg0  78Cd0  22Te 
LPE  films  in  our  previous  work.6  The  calculated 
diffusion  length  at  77K  was  38,  16,  8,  and  5  pm, 
respectively,  for  the  four  devices  listed  in  Table  I.  The 
presumption  of  “long”  diodes  was  therefore  justified. 

The  averaged  Jep/Jtotal  ratio  at  77K,  following  the 
same  trend  as  the  averaged  R0A  product,  increased 
from  69%  at  1  x  1016  cm-3  to  90%  at  1  x  1017  cm-3,  but 
dropped  to  68%  at  4  x  1017  cm-3  These  Jei/Jtotal  ratios 
indicate  that  although  the  p-side  diffusion  current 
contributed  a  large  part  of  leakage  current  in  n-on-p 


diodes,  other  contributions,  measured  as  J0,  from 
mechanisms  such  as  generation-recombination  from 
both  the  bulk  and  the  surface,  tunneling,  and  n-side 
diffusion  were  not  negligible.  It  should  be  noted  that 
the  possible  n-side  diffusion  current  does  not  come 
from  the  implanted  n+  region,  but  from  n-  region 
formed  during  the  post-implantation  anneal.' 

The  data  of  the  dependence  of  minority  carrier 
mobility  on  the  hole  concentration  over  a  range  be¬ 
tween  1  x  1016  and  4  x  1017  cm4  offer  an  opportunity  to 
compare  with  simple  calculations  based  on  Boltzmann 
statistics.  With  the  density  of  states  for  the  valence 
band  in  Hg078Cd022Te  at  about  1  x  1018  cm-3  at  77K, 
Boltzmann  statistics  (or  nondegenerate  statistics)  is 
sufficient  for  the  entire  range  of  the  hole  concentra¬ 
tion  of  our  current  interest.  As  shown  by  our  previous 
work,8  three  mechanisms:  ionized  impurity  scatter¬ 
ing,  polar  optical  phonon  scattering,  and  alloy  disor¬ 
der  scattering  also  dominate  the  majority  carrier 
(hole)  mobility  in  p-type  Hg078Cd022Te  at  77K.  To 
calculate  the  minority  carrier  mobility,  one  begins 
with  substituting  m*  (the  effective  mass  of  holes) 
with  m*  (the  effective  mass  of  electrons)  in  the  ex¬ 
pressions  for  these  three  scattering  mechanisms.  In 
addition,  the  scattering  by  heavy  holes  has  to  be 
included  as  fixed  scattering  centers  because  of  their 
large  mass.  So  the  total  impurity  concentration,  N,,  in 
Brooks-Herring  approximation  for  ionized  impurity 
scattering  is  equal  to  2p  +  p,  where  the  contribution  of 
2p  comes  from  the  doubly  ionized  shallow  acceptors 
associated  with  Hg  vacancies.8  The  Brooks-Herring 


Magnetic  Field  (kG) 

Fig.  2.  Measured  and  best-fitted  RqA  products  vs  B  curves  at  77K  for 
a  typical  n-on-p  diode  from  a  homojunction  device  AT-2.  The  R0A  at  7 
kG  is  about  1 36%  higher  than  that  at  the  zero  field. 


Table  I.  Results  of  n-on-p  Homojunction  Diodes 


Sample 

Na  (cm-3) 

RqA  (ohm-cm2) 

Jep  (pA/cm2) 

dejecta.  (%) 

AT-1 

1  x  1016 

61+14 

77  ±5 

69  +  16 

AT-2 

3  x  1016 

83+12 

67  ±8 

80  ±4 

AT-3 

1  x  1017 

107  ±  10 

57  ±4 

90  +  3 

AT-4 

4  x  1017 

54+12 

87  ±  17 

68  ±  19 

jiep  (cmW-s) 


56000  +  2300 
51100  ±3400 
47500  ±  1000 
47300  ±  2800 
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Hole  Concentration  (cnr3) 

Fig.  3.  The  averaged  minority  carrier  mobility  at  77K  in  p-type 
Hg0  7aCd022Te  LPE  films  with  a  hole  concentration  ranging  from  1  x  1 016 
to  4  x  1(T7  cm-3.  The  solid  and  dashed  lines  are  calculations  for  x  = 
0.225  and  0.230,  respectively.  The  error  bars  denote  the  standard 
deviations. 


approximation  for  electrons  as  minority  carriers  can 
still  be  expressed  as8 


M-n  — 


3.284  xlO15- 


£2^3/2 


Ni(m: /m0)  I 


ln(l+b)  + 


1+b 


(7) 


Only  the  expression  for  b,  a  dimensionless  parameter 
reflecting  screening,  has  to  be  modified  slightly  to 
reflect  screening  from  free  holes,  and  is  given  by:9-10 


b  =  1.294  x  1014  — .T2£o  3v2  (8) 

moP  S_V2 

where  S1/2  and  3_1/2  are  Fermi-Dirac  integrals.  The 


good  agreement  between  the  experimental  and  calcu¬ 
lated  minority  carrier  mobility  is  plotted  in  Fig.  3.  It 
can  be  seen  that  the  discrepancy  between  the  data 
and  the  mobility  range  formed  by  two  calculated 
curves  for  x  =  0.225  and  0.230  is  less  than  10%.  As  the 
hole  concentration  increases  above  1  x  1017  cnr3,  the 
calculated  minority  carrier  mobility  begins  to  rise  due 
to  the  increasing  importance  of  screening,  similar  to 
what  have  been  observed  in  other  semiconductors 
such  as  GaAs.10  However,  it  is  also  well  known  that 
the  Brooks-Herring  approximation  breaks  down  at 
the  high  carrier  concentration  and  the  resulted  mi¬ 
nority  carrier  mobility  is  often  larger  than  that  calcu¬ 
lated  by  the  more  rigorous  partial-wave  phase-shift 
analysis.11 

RESULTS  OF  pVn  HETEROJUNCTION 
DIODES 

In  the  case  of  p+/n  heterojunction  devices  con¬ 
sisting  of  As-doped  Hg0  70Cd0  30Te  cap  layers  and  In- 
doped  Hg0  78Cd0  22Te  base  layers,  most  of  the  leakage 
current  should  be  due  to  minority  carriers  (holes)  in 
the  n-type  base  layers,  because  of  the  higher  doping 
and  a  larger  bandgap  of  the  p+  cap  layers.  In  the 
context  of  Eq.  (6),  this  means  a  small  Jep,  and  hence  a 
small  effect  on  RgA  products  from  the  magnetic  field. 
Indeed,  as  shown  in  Fig.  4  from  a  typical  p+/n 
heterojunction  diode  in  device  DC-1,  the  R0A  product 
at  7  kG  was  only  2%  higher  than  that  at  the  zero  field. 
Due  to  this  very  small  change  in  the  RgA  product  vs  B 
curves,  it  is  not  possible  to  conduct  the  three-pa¬ 
rameter  fit  and  yield  reasonable  values  for  J  ,  u  ,  and 
J0.  It  is  best  to  reduce  the  fitting  parameters  Co  two.  In 
fitting  R0A  product  vs  B  curves  with  Eq.  (5)  and  Eq. 
(6),  the  fit  was  least  sensitive  to  pep.  Besides,  the 
experimental  data  of  minority  carrier  mobility  at  77K 
in  p-type  Hg070Cd030Te  existing  in  the  literature  of¬ 
fers  a  starting  point.  Schacham  and  Finkman12  deter¬ 
mined  an  electron  mobility  of  about  28000  cmW-s  at 
80K  in  p-type  Hg0  71Cd0  29Te  with  a  hole  concentration 
of  1  x  1016  cm-3  by  measuring  the  travel  time  of  the 
excess  carriers  between  two  ends  of  the  sample.  Since 
our  p+  cap  layers  were  more  heavily  doped,  a  value  of 
20000  cmW-s  was  assumed  for  pep.  The  two-param¬ 
eter  fit  to  the  RfJA  product  vs  B  curve  for  a  typical  p+/n 
heterojunction  diode  in  device  DC-1,  as  shown  in  Fig. 
4  produced  a  good  fit  and  yielded  Jep  =  2.0  pA/cm2,  Jo 
=  45.3  pA/cm2,  and  Jep/Jtotal  =  4%  A  variation  of  ±5000 
in  the  assumed  value  of  pep  caused  a  ±  10%  change  in 
J  p,  Jn,  and  J  /J, , ,. 

e"’  0?  #ep  total 

Table  II  lists  the  resulted  averaged  values  and 
associated  standard  deviations  for  RnA,  J  ,  and  J  / 
Total  °f  two  heterojunction  devices  by  best-fitting  the 
R0A  vs  B  curves  of  15-20  diodes  in  each  device.  The 
averaged  Jep  in  device  DC-1  is  somewhat  misleading 
since  it  was  distorted  by  four  bad  diodes.  Most  of  the 
diodes  in  device  DC-1  had  Jep  below  3  pA/cm2  and  Je  / 
Total  °t  about  4%,  comparable  to  what  diodes  in  DC42 
had.  The  small  Jep/Totai  ratio  confirms  the  conven¬ 
tional  wisdom  that  the  p+  side  in  pVn  heterojunction 
device  contributes  very  little  to  the  total  leakage 
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Table  II.  Results  of  p-on-n  Heterojunction  Diodes 


Sample  Nd  (cm-3) 


RqA  (ohm-cm2)  Jep  (pA/cm2) 


Jep/Jt,tal  (%>  M-ep  (cm2/v-sec) 


DC-1  6  x  1014 

DC-2  1  x  1015 


112  ±43  17  ±37 

180  ±63  1  ±  0.4 


12  ±21  20000 

3  ±  1  20000 


current.  The  good  fits  to  R0A  vs  B  curves  with  Eq.  (5) 
and  Eq.  (6)  also  establishes  the  validity  of  the  simple 
diffusion  current  model  in  explaining  the  effects  of  the 
magnetic  field  on  R0A  products  of  p+/n  heterojunction 
diodes. 

CONCLUSIONS 

In  summary,  we  have  achieved  in  this  paper 

®  A  good  agreement  between  the  experimental 
data  and  calculations  of  the  dependence  of  pep  on 
the  hole  concentration  ranging  from  1  x  1016  to 
4  x  1017  cm-3  in  undoped  p-type  LPE  films  for  the 
understanding  of  scattering  mechanisms  for  mi¬ 
nority  carriers. 

®  Information  that  although  p-side  diffusion  cur¬ 
rent  is  the  largest  source  of  the  leakage  current  in 
n-on-p  homojunction  diodes,  other  mechanisms 
such  as  generation-recombination  from  both  the 
bulk  and  the  surface,  tunneling,  and  n-side  diffu¬ 
sion  were  not  negligible. 

®  Confirmation  that  the  p+  cap  layer  in  p+/n 
heterojunction  diodes  contributes  very  little  to 
the  total  leakage  current. 
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A  quantitative  mobility  spectrum  analysis  (QMSA)  of  experimental  Hall  and 
resistivity  data  as  a  function  of  magnetic  field  is  presented.  This  technique 
enables  the  conductivity  contribution  of  bulk  majority  carriers  to  be  separated 
from  that  of  other  species  such  as  thermally  generated  minority  carriers, 
electrons,  and  holes  populating  n  and  p  doped  regions,  respectively,  and  two- 
dimensional  species  at  surfaces  and  interface  layers.  Starting  with  a  suitable 
first  trial  function  such  as  the  Beck  and  Anderson  mobility  spectrum  analysis 
(MSA),  a  variation  on  the  iterative  procedure  of  Dziuba  and  Gorska  is  used  to 
obtain  a  mobility  spectrum  which  enables  the  various  carrier  species  present  in 
the  sample  to  be  identified.  The  QMSA  algorithm  combines  the  fully  automated 
execution  and  visually  meaningful  output  format  of  MSA  with  the  quantitative 
accuracy  of  the  conventional  least-squares  multi-carrier  fitting  procedure. 
Examples  of  applications  to  HgCdTe  infrared  detector  materials  and  InAs/GaSb 
quantum  wells  are  discussed.  The  ultimate  goal  of  this  paper  is  to  provide  an 
automated,  universal  algorithm  which  may  be  used  routinely  in  the  analysis  and 
interpretation  of  magneto-transport  data  for  diverse  semiconductor  materials 
and  bandgap  engineered  structures. 

Key  words*  HgCdTe,  Hall  measurements,  mobility  spectrum  analysis, 
transport  properties 


INTRODUCTION 

Mixed-conduction  effects  nearly  always  have  a 
strong  influence  on  the  magneto-transport  properties 
of  narrow  bandgap  infrared  (IR)  semiconducting 
materials  such  as  HgCdTe.1  Multiple  species  due  to  n 
and  p  doped  regions,  thermally  generated  minority 
earners,  and  two-dimensional  populations  at  sur¬ 
faces  and  interface  layers  tend  to  make  significant 
contributions  to  the  conduction  process  in  addition  to 
the  bulk  majority  carriers.  Standard  measurements 
of  the  resistivity  and  Hall  coefficient  at  a  single 
magnetic  field  are  of  limited  use  when  applied  to 
systems  with  prominent  mixed-conduction,  since  they 
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provide  only  averaged  values  of  both  the  carrier 
concentration  and  mobility,  which  may  not  necessar¬ 
ily  be  representative  of  any  of  the  individual  carrier 
species.  Far  more  information  becomes  available  if 
the  magneto-transport  experiments  are  performed  as 
a  function  of  magnetic  field  because,  in  principle,  the 
data  can  then  be  deconvolved  in  order  to  obtain 
densities  and  mobilities  for  each  carrier  species  present 
in  the  sample.1"3 

Traditionally,  the  conventional  technique  for  ana¬ 
lyzing  magnetic-field- dependent  Hall  data  is  the  multi¬ 
carrier  fitting  (MCF)  procedure.2  However,  this  tech¬ 
nique  requires  prior  assumptions  to  be  made  about 
the  number  of  electron  and  hole  species  as  well  as 
their  approximate  mobilities.  As  a  result,  injudicious 
guesses  can  often  lead  to  misleading  and/or  ambigu- 


1255 


1256 


Antoszewski,  Seymour,  Faraone,  Meyer,  and  Hoffman 


ous  results.  In  order  to  overcome  this  shortcoming, 
Beck  and  Anderson  proposed  a  novel  approach  known 
as  mobility  spectrum  analysis  (MSA),4  in  which  an 
envelope  of  the  maximum  conductivity  is  determined 
as  a  continuous  function  of  carrier  mobility.  While 
MSA  is  a  fully  automated  procedure  that  provides  a 
visually  meaningful  output  format,  the  information 
provided  by  the  technique  is  primarily  qualitative 
rather  than  quantitative.  In  particular,  it  is  not  pos¬ 
sible  to  obtain  a  fit  to  the  actual  experimental  Hall 
and  resistivity  data. 

In  an  attempt  to  overcome  these  difficulties,  Meyer 
et  al.1  have  developed  and  extensively  tested  a  hybrid 
mixed  conduction  analysis  (HMCA)  procedure,  in 
which  the  MSA  spectrum  is  used  initially  to  deter¬ 
mine  the  number  of  carrier  species  and  to  roughly 
estimate  their  densities  and  mobilities,  and  the  MCF 
is  then  used  to  obtain  a  final  quantitative  fit.  The 
second  stage  of  that  procedure  is  not  automated,  and 
results  can  be  expressed  only  in  terms  of  a  discrete 
number  of  carrier  species  with  discrete  mobilities. 

In  this  work,  we  discuss  the  implementation  of  a 
quantitative  mobility  spectrum  analysis  (QMSA)  pro¬ 
cedure,  which  preserves  both  the  visually  meaningful 
output  format  of  the  Beck  and  Anderson  MSA  tech¬ 
nique  and  the  quantitative  accuracy  of  the  conven¬ 
tional  least-squares  MCF  result;  yet  the  procedure  is 
entirely  automated.  The  present  approach  is  a  varia¬ 
tion  on  the  iterative  fitting  procedure  originally  de¬ 
veloped  by  Dziuba  and  Gorska.5 

Unlike  mobility  spectrum  analysis,  which  derives 
only  an  envelope  of  the  maximum  carrier  density 
which  may  be  present  with  a  given  mobility,  the 
spectra  obtained  from  this  numerical  formalism  are 
adjusted  so  as  to  optimize  the  quantitative  agreement 
with  the  experimental  results.  The  ultimate  goal  of 
this  work  is  to  develop  a  comprehensive  and  fully 
automated  method  for  quantitatively  analyzing  and 
interpreting  magneto-transport  data;  a  universal  al¬ 
gorithm  which  is  suitable  for  widespread  use  as  an 
industry  standard.  We  will  address  the  issues  which 
need  to  be  resolved  before  this  objective  can  be 
achieved. 

We  begin  the  exposition  with  brief  descriptions  of 
the  conductivity  tensor  for  multicarrier  systems  in 
the  next  section  and  the  multi-carrier  fitting  proce¬ 
dure  in  the  section  of  that  title.  In  the  section  on 
mobility  spectrum,  we  describe  the  Beck  and  Ander¬ 
son  MSA  and  the  iterative  approach  of  Dziuba  and 
Gorska.  Details  of  the  QMSA  approach  are  then  given 
in  the  same  section. 

The  Results  and  Discussion  section  presents  and 
discusses  illustrative  results,  using  the  examples  of 
an  InAs/GaSb  single  quantum  well  grown  by  molecu¬ 
lar  beam  epitaxy  (MBE)  and  an  anomalous  HgCdTe 
alloy  sample  grown  by  liquid  phase  epitaxy  (LPE). 
Convergence  issues  are  also  considered  in  that  sec¬ 
tion.  Some  concluding  comments  regarding  the 
suitability  and  practicality  of  implementing  the 
QMSA  technique  as  an  industry  standard  are  also 
provided. 


MULTI-CARRIER  SYSTEMS 

The  motion  of  carriers  in  a  Hall  sample  may  be 
described  by  the  following  set  of  Eq.  (1) 

J  =  c  E  +  a  E 

x  XX  x  xyy 

J  =c  E  +c  E  (1) 

y  yx  x  yy  y  v  J 

where  on=  ayy  and  axy=  -avx  are  the  longitudinal  and 
transverse  conductivity  tensor  components,  respec¬ 
tively,  Jx  and  Jy  are  the  current  densities  in  the  x  and 
y  directions,  respectively,  and  Ex  and  Ey  are  the 
corresponding  electric  fields.  The  experimental  Hall 
coefficient  and  resistivity  are  related  to  the  compo¬ 
nents  of  the  conductivity  tensor  through  the  following 
relations: 


Rh(B) 


<vb 


+  O’ 


2 

xy 


p(B)  =  — (2) 

^xx+Oxy 

where  B  is  the  applied  magnetic  field  in  the  z  di¬ 
rection.  For  a  sample  involving  more  than  one  type  of 
carrier,  the  conductivity  tensor  components  can  be 
expressed  as  a  sum  over  the  m  species  present  within 
the  multi-carrier  system: 


(B)  =  X 


eniPi 

i+M)2 


<UB)  =  X  S, 


en^fB 

i+M)2 


(3) 


where  n{  and  pi  are  the  concentration  and  mobility  of 
the  i-th  carrier  species,  respectively,  and  Si  is  +1  for 
holes  and  -1  for  electrons.  It  is  primarily  the  l+ku2B2 
terms  in  the  denominators  of  Eq.  (3)  which  differenti¬ 
ate  the  contributions  from  the  various  carrier  species. 
The  contributions  due  to  higher-mobility  carriers 
(usually  electrons)  are  the  first  to  be  “quenched”  as  B 
is  increased;  i.e.,  once  pB»l  a  given  species  exerts  far 
less  influence  on  RH(B)  and  p(B).  This  phenomenon 
provides  the  field-dependent  Hall  data  with  its  high 
degree  of  sensitivity  to  the  individual  mobilities, 

MULTI-CARRIER  FITTING  PROCEDURE 

The  MCF  is  a  procedure  whereby  Eq.  (2)  and  Eq.  (3) 
are  employed  to  fit  experimental  data  for  RH(B)  and 
p(B).  In  this  method,  n.  and  jui  are  the  fitting  param¬ 
eters  and  the  number  of  carriers,  i,  is  typically  be¬ 
tween  2  and  5.  The  main  drawback  of  the  MCF  is  its 
arbitrariness.  That  is,  not  only  must  the  many  param¬ 
eters  in  the  model  be  optimized,  but  a  decision  needs 
to  be  made  in  advance  with  respect  to  what  type  and 
how  many  carriers  to  assume.  The  end  result  is  that 
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the  fit  to  the  experimental  Hall  data  is  not  unique.  tions  by  carriers  having  a  grid  of  discrete  mobilities  : 


MOBILITY  SPECTRUM 
Mobility  Spectrum  Analysis 

The  salient  feature  of  the  MSA  developed  by  Beck 
and  Anderson4  is  that  it  transforms  the  experimental 
conductivity  tensor  vs  magnetic  field  data  into  a 
continuous  profile  of  the  carrier  mobilities  present  in 
the  sample.  The  various  electron  and  hole  species 
then  appear  as  peaks  in  the  mobility  spectrum.  A 
major  advantage  of  MSA  over  the  MCF  procedure  is 
that  it  is  inherently  nonarbitrary;  i.e.,  no  prior  as¬ 
sumptions  are  required.  The  derived  spectrum  may 
thus  be  viewed  as  simply  a  mathematical  restate¬ 
ment  of  the  original  experimental  Hall  data. 

The  starting  point  for  the  MSA  is  to  allow  for  the 
existence  within  the  semiconductor  sample  of  a  con¬ 
tinuous  distribution  of  hole-like  and  electron-like 
carriers  of  any  mobility.  Equation  (3)  can  thus  be 
rewritten  in  integral  form:4 


(B)  =  J 

0 


sp(h)  +  sn(q) 
1+(X2B2 


d  H 


xyl  }  {  l+p2B2  H 


where  the  hole  and  electron  conductivity  density 
functions  (i.e.,  the  mobility  spectra)  are  given  by 

sp  (p)  =  ep(g)|i 

sn  (p)  =  en(p)ji,  (5) 

respectively,  and  p(g)  and  n(g)  are  the  hole  and 
electron  concentration  density  functions,  respectively. 
As  stated  earlier,  the  goal  is  to  determine  the  conduc¬ 
tivity  density  functions  sn(p)  and  sp(p).  However,  the 
measured  c^JB)  and  axy(B)  do  not  uniquely  define 
these  density  functions.  Given  values  for  the  conduc¬ 
tivity  tensor  at  N  different  magnetic  fields  define  a 
2N-dimensional  space  which  has,  at  most,  2N  inde¬ 
pendent  basis  vectors.  Since  Eq.  (4)  defines  an  expan¬ 
sion  of  the  data  in  terms  of  an  infinite  basis,  the 
expansion  cannot  be  unique.  Using  a  rather  complex 
mathematical  formalism,  Beck  and  Anderson  were 
able  to  obtain  unique  envelopes  sn(p)  and  sp(p)  which 
represent  physical  8-like  amplitudes  at  p.  While  this 
result  may  not  be  as  valuable  as  finding  unique 
functions  sn(p)  and  sp(p),  it  is  still  very  useful  in  that 
the  various  carrier  species  may  at  least  be  identified 
from  the  peaks  in  the  envelope  spectrum. 

Dziuba  and  Gorska  Iterative  Approach 

A  different  approach  for  obtaining  the  mobility 
spectrum  was  proposed  by  Dziuba  and  Gorska.5  Their 
more  ambitious  goal  was  to  derive  a  quantitatively 
accurate  mobility  distribution  instead  of  just  an  up¬ 
per-bound  envelope.  In  their  approach,  the  integrals 
appearing  in  the  conductivity  tensor  expression  of  Eq. 
(4)  are  approximated  by  sums  of  the  partial  contribu- 


teuf  H^)+sn(^)]A^  -f  sr^i 

M  >)  £  1 + fxfB?  Sl+Uj'B2 

(n\  USPKHn(^)KBiA^ 

<mbJ = s  — i+iifB2 — = 

where  Sxx  and  Sxy  have  elements  defined  as  follows: 
sr=8P(iii)+s-((ii) 

S*y  =sp(|J.j)-sn(|J.i)  (7) 

and  the  parameter  m  defines  the  number  of  points  in 
the  final  mobility  spectrum. 

U sing  an  initial  spectrum  (first  trial  function) ,  which 
was  obtained  by  a  simpler  approach  than  that  of  Beck 
and  Anderson,  Dziuba  and  Gorska  were  able  to  solve 
the  set  of  Eqs.  (6)  using  the  Jacobi  iterative  procedure, 
in  which  the  diagonal  transformation  matrix  ele¬ 
ments  1/(1+ pfB?)  and  p^B,  /(l+p?B2)  are  simplified 
because  of  the  specific  choice  of  the  mobility  points 
(ppl/Bj)  in  the  sp(ps)  and  sn()k)  spectra.  Here,  Bj  is  the 
i-th  magnetic  field  obtained  by  spline  interpolation  of 
the  experimental  data  in  order  to  obtain  the  required 
density  of  points  in  the  spectrum.  Moreover,  the 
diagonal  elements  are  used  as  adjustable  coefficients 
in  the  iteration  process.  An  important  consequence  of 
this  specific  choice  of  mobility  points  is  the  fact  that 
the  mobility  range  in  the  spectrum  is  limited  to 
1/B«=p  <m<m  =  1/Be*.p ,  where  B!*p„  and  B“p 

-L/  xmax  r^min  —  ^  max  min’  mm  ,  m^x 

are  the  limits  of  the  magnetic  field  m  the  experiment. 

The  goal  of  the  procedure  is  to  obtain  the  functional 
forms  sKpj)  and  sn(pi)  which  best  fit  the  experimental 
magnetic  field  dependencies  of  and  Gxy.  “Nonphysi¬ 
cal”  results  are  allowed,  since  negative  values  of  sKp.) 
and  sn(pi)  are  often  obtained  for  some  regions  of  the 
spectra. 

Quantitative  Mobility  Spectrum  Analysis 

The  QMSA  approach  presented  in  this  paper  is 
based  on  that  of  Dziuba  and  Gorska,  with  one  key 
modification;  that  sKM-j)  and  sn(pi)  are  both  constrained 
to  be  non-negative  at  all  iteration  steps.  This  is 
equivalent  to  requiring  that  no  carriers  can  contrib¬ 
ute  negative  conductivities.  This  step  circumvents 
the  ill-conditioning  of  Eq.  (6),  which  can  make  the 
direct  inversion  of  that  equation  meaningless.  For 
definiteness,  the  MSA  envelope  (in  discrete  form)  is 
used  as  the  initial  trial  function,  since  the  MSA 
spectrum  is  known  to  have  approximately  the  correct 
overall  shape.  The  final  fit  to  experimental  data  tends 
to  have  lower  error  when  the  MSA  is  used  as  the  first 
trial  function  rather  than  a  simpler  initial  function. 
However,  it  is  interesting  to  note  that  even  a  zeroed- 
out  initial  function  (i.e.,  sKjij)  =  sKp.)  =  0)  yields  a 
reasonable  final  spectrum  with  only  slightly  higher 
error.  In  the  present  approach,  the  mobility  range 
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GaSb-InAs-GaSb  SQW  (200A) 
T=150K  ? 


— o —  electrons 

-j  - 1 
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Mobility  (pj)  [  cm2/Vs  ] 

Fig.  1.  Normalized  mobility  spectrum  (QMS A)  for  InAs-GaSb 

single  quantum  well  at  150K.  Two  carriers,  an  electron  (El)  In  the 
quantum  well  and  a  hole  (HI)  from  the  GaSb  substrate  can  be 
identified. 


considered  by  Dziuba  and  Gorska  has  been  extended 
to  values  less  than  1/B^x,  which  are  often  of  consid¬ 
erable  interest  in  semiconductor  characterization, 
and  represent  values  to  which  the  data  have  a  fairly 
high  degree  of  sensitivity.  A  further  improvement 
that  has  been  implemented  in  the  present  procedure 
is  in  the  efficiency  with  which  the  iterative  solution  is 
obtained  in  comparison  to  that  employed  by  Dziuba 
and  Gorska.  To  solve  for  S:iX  and  3xy,  we  first  rearrange 
Eq.  (6): 


Sxx  -(1+ufBf 


rr> 

i-i 


sr 

1+UfBf 


l+p2B2 T  .  ,  -  S*vu  B. 

Sxy  =  - — '-L  ocxp(B.)~y  ]  J  ' 

'  jJjB,  [  xvl  tn+u2B2 


If  the  values  of  Sp  and  Sxy  from  the  previous  iteration 
are  substituted  into  the  right-hand  side  of  Eq.  (8),  and 
if  their  new  values  are  used  as  soon  as  they  become 
available,  the  new  set  of  values  Sj“(k+l)and  Sxy(k+1) 
can  be  determined  from  the  following  Gauss-Seidel 
iterative  procedure 


Sy(k-rl): 


(i+„®)U(B.)-gsa±iL  £  ^nsL1 

1  ss  1  1“  1+nfBf  jFi  1+  u2Bf 


Temperature  [K] 


Temperature  [K] 


a  b 

Fig.  2.  (a)  Carrier  density  and  (b)  mobility  as  a  function  of  temperature  for  the  InAs-GaSb  single  quantum  well  obtained  from  QMS  A  (see  Fig.  1 ); 
an  electron  (El )  in  the  quantum  well  and  a  hole  (HI )  from  the  GaSb  substrate  are  evident. 
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Sr(k+i)  = 
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If  Sxx  (k)  and  Sxy  (k)  are  added  and  subtracted,  respec¬ 
tively,  from  the  right-hand  side  of  the  corresponding 
expressions  in  Eq.  (9),  and  if  the  constant  co  is  intro¬ 
duced  such  that 


S“(k+  l)  =  (l-co)Sxx(k)  +  co 

T  ,  .  ws«(k  +  l)  -  Sf(k)  ' 
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then  the  successive  over-relaxation  iteration  algorithm 
is  obtained  in  which  the  coefficient  co  controls  the 
convergence  speed  of  the  procedure.  Although  this 
algorithm  is  not  guaranteed  to  converge,  convergence 
has  in  fact  been  obtained  for  every  one  of  the  many 
experimental  data  sets  analyzed  so  far.  In  the  stan¬ 
dard  iteration  procedure  (in  which  co =1),  the  mobility 
spectrum  is  modified  so  rapidly  that  even  after  the 
first  iteration  step  the  qualitative  information  con¬ 
tained  in  the  shape  of  the  envelope  spectrum  is  de¬ 
stroyed. 

To  ensure  that  such  information  is  preserved,  a 
value  of  co  =  0.01  was  chosen  in  our  calculations  so  that 
modification  of  the  mobility  spectrum  was  slowed 
down  in  the  successive  iterations.  In  order  to  obtain 
more  accurate  results,  interpolation  between  the 
experimental  points  for  gxx(B)  and  axy(B)  has  been 
carried  out  using  a  spline  technique,  resulting  in  a 
density  of  50  points  per  decade.  This  allows  the 
spectrum  to  be  derived  with  much  higher  resolution 
in  comparison  to  that  obtained  by  Dziuba  and  Gorska 
who  used  only  ten  points  per  decade. 

It  is  important  to  note  that  the  amplitudes  of  sp(Pj)  and 
sn(Uj)  in  the  QMSA  depend  on  the  density  of  points 
used  for  the  calculation.  Thus,  in  order  to  obtain  the 
total  conductivity  corresponding  to  the  carrier  repre¬ 
sented  by  a  particular  peak,  all  the  amplitudes  under 
that  peak  must  be  added  together. 


RESULTS  AND  DISCUSSION 

It  was  remarked  in  the  introduction  that  the  QMSA 
can  be  applied  to  any  magnetic-field-dependent  Hall 
and  resistivity  data  (as  long  as  the  concentrations  and 
mobilities  do  not  depend  on  magnetic  field  and  quan¬ 
tum  oscillations  are  not  prominent).  In  this  section, 
we  present  representative  results  illustrating  the 


analysis  for  two  dissimilar  semiconductor  systems: 
an  InAs-GaSb  single  quantum  well  whose  relatively 
simple  mobility  spectrum  displays  only  one  electron 
peak  and  one  hole  peak,  and  an  LPE-grown  HgCdTe 
(x  =  0.216)  alloy  sample  whose  more  complex  spectra 
will  be  discussed  in  more  detail. 

InAs-GaSb  Single  Quantum  Well 

As  a  first  example,  we  consider  results  for  a  GaSb- 
InAs-GaSb  single  quantum  well  with  thickness  200A. 
Figure  1  presents  the  QMSA  mobility  spectrum  for 
the  quantum  well  at  T  =  150K.  The  spectrum  is  seen 
to  display  sharply  resolved  peaks  corresponding  to 
one  electron  species  (the  two-dimensional  electron 


Magnetic  field  [T] 

b 

Fig.  3.  (a)  Mobility  spectrum  (QMSA)  at  80  and  1 10K,  and  Beck  and 
Anderson  (B&A)  envelope  at  1 1 0K;  and  (b)  experimental  (points)  and 
calculated  (curves)  using  QMSA  of  the  conductivity  tensor  compo¬ 
nents  at  1 1 0K  for  LPE  HgCdTe  (x  =  0.216). 
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Number  of  iterations 

a 

Fig.  4.  Convergence  in  the  QMSA  iterative  procedure  according  to  Eq.  (1 
70,  110,  and  150K. 

residing  in  the  quantum  well,  labeled  El)  and  one 
hole  species  (the  three-dimensional,  bulk,  majority 
carrier  in  the  GaSb  substrate,  labeled  HI).  As  was 
mentioned  in  the  section  on  QMSA,  the  magnitude  of 
the  conductivity  contributions  creating  the  QMSA 
spectrum  depends  on  the  density  of  points  in  such  a 
way  that  the  total  conductivity  remains  constant.  In 
order  to  present  the  results  in  a  form  which  does  not 
depend  on  the  mobility  increment  chosen,  the  spec¬ 
trum  in  Fig.  1  has  been  normalized  by  dividing  the 
partial  conductivity  contributions  by  the  mobility 
increment  (i.e.,  o/Am).  The  net  carrier  density  for  a 
given  species  can  also  be  obtained,  by  summing  over 
the  incremental  contributions  under  the  peak  corre¬ 
sponding  to  that  carrier: 

n  =  ya,/(e|ii). 

Temperature-dependent  carrier  densities  and  mo¬ 
bilities  for  both  El  and  HI  were  determined  from  the 
QMSA  spectra  at  a  series  of  temperatures  between  30 
and  300K,  and  are  shown  in  Fig.  2.  Note  that  HI 
freezes  out  in  the  low-temperature  limit.  The  mobility 
and  concentration  results  derived  from  the  QMSA 
procedure  are  quite  similar  to  those  obtained  from  a 
conventional  MCF  fit.  The  significant  difference,  how¬ 
ever,  is  that  the  QMSA  spectra  were  obtained  from  a 
fully  automated  algorithm,  whereas  the  MCF  re¬ 
quired  initial  assumptions  about  the  number  and 
typ  es  of  carrier  species  to  employ  in  the  fitting  proce¬ 
dure. 


Number  of  iterations 

b 

)  for(a)axxand  (b)c>xyfor  LPE  HgCdTe  (x  =  0.216)  at  three  temperatures: 


LPE  HgCdTe  Sample 

The  second  data  set  to  be  considered  are  for  an  LPE- 
grown  HgCdTe  alloy  (x  =  0.216)  film  provided  by 
Loral.  The  electrical  properties  of  this  sample  were 
anomalous,  which  probably  accounts  for  the  complex¬ 
ity  of  its  mobility  spectra.  Typical  QMSA  results  for 
this  sample  are  presented  in  Fig.  3a,  which  illustrates 
the  electron  spectra  for  T  =  80  and  110K  (the  hole 
conductivities  are  much  smaller,  so  we  will  ignore 
them  in  this  discussion).  Note  that  the  80K  spectrum 
displays  two  sharp  peaks  (El  and  E2),  while  the  11  OK 
spectrum  contains  two  peaks  (E 1  and  E3)  plus  a  broad 
shoulder  where  E2  had  been  (the  identification  of 
these  three  species  will  be  discussed  below).  The  solid 
line  indicated  as  B&A  is  the  initial,  discrete  form,  of 
the  Beck  and  Anderson  envelope  for  the  iterative 
procedure.  For  the  110K  data,  Fig.  3b  demonstrates 
that  the  final  QMSA  fits  (curves)  to  the  experimental 
(points)  conductivity  tensor  components  o^.  and  gx 
are  almost  perfect.  Although  the  QMSA* mobility 
spectrum  changes  dramatically  during  the  iterative 
procedure,  it  still  preserves  the  qualitative  features  of 
the  Beck  and  Anderson  MSA  envelope  that  was  used 
as  the  initial  trial  function.  However,  whereas  the 
MSA  spectrum  provides  only  qualitative  information, 
the  final  QMSA  spectrum  also  yields  an  accurate 
quantitative  determination  of  the  mobility  and  den¬ 
sity  of  each  electron  species. 

Figure  4  shows  the  convergence  process  for  the 
spectra  obtained  at  temperatures  of  70,  110,  and 
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150K.  The  convergence  is  measured  as  an  error, 
defined  in  the  same  way  for  both  conductivity  tensor 
components  gxx  and  Gxy: 

X[a--crA(k)f 


AE2(k) 


(ID 


where  o"p  and  o?MSA  are  the  experimental  and  QMSA 
values,  respectively,  and  k  is  the  iteration  step  num¬ 
ber.  For  most  of  the  samples  analyzed  so  far,  the  error 
AE(k)  decreases  to  its  minimum  value  (best  fit)  after 
approximately  50  iterations  (with  co  =  0.01).  A  charac¬ 
teristic  feature  of  the  error  is  that  it  is  smaller  for  the 
ct>:x  component  (about  1%)  than  for  axy  component 
(about  2-4%).  This  is  probably  because  the  experi¬ 
mental  data  for  o  ,.  are  more  accurate  than  those  for 
axv  (at  low  magnetic  fields,  the  Hall  voltage  is  an  order 
of  magnitude  less  than  the  resistivity  voltage). 

Quantitative  mobility-spectrum  analysis  of  the 
magneto-transport  data  taken  at  a  number  of  differ¬ 
ent  temperatures  between  4.2  and  300K  was  used  to 
extract  temperature-dependent  carrier  concentrations 
and  mobilities  (see  Fig.  5a  and  5b,  respectively)  for  all 
three  of  the  carrier  species.  Note  that  whereas  both  n 
and  g  for  El  and  E2  are  nearly  independent  of  T,  the 
density  for  the  higher-mobility  species  E3  increases 
rapidly  with  increasing  temperature.  This  is  clearly 
the  intrinsically  generated  electron  which  occupies 
the  bulk  of  the  HgCdTe  epitaxial  layer.  The  two  lower- 
mobility  species  El  and  E2  therefore  reside  some¬ 
where  else,  perhaps  at  the  surface  or  in  the  graded- 
gap  buffer  region  between  the  CdTe  substrate  and  the 
HgCdTe  film.  As  such,  their  carrier  concentrations 
should  more  properly  be  represented  as  sheet  densi¬ 
ties,  which  are  found  to  be  5-10ucnr2  for  El  and 
2-10ncm-2  for  E2.  Since  the  E3  species  is  so  dominant 
that  its  peak  completely  obscures  the  other  two  at 
temperatures  above  150K,  densities  and  mobilities 
for  El  and  E2  are  not  shown  in  Fig.  5  for  temperatures 
in  that  range. 

For  comparison  purposes,  the  same  data  sets  were 
also  analyzed  by  the  standard  multi-carrier  fitting 
procedure,  using  the  Marquardt-Levenberg  nonlin¬ 
ear  least-squares  curve-fitting  algorithm  implemented 
in  the  MicroCal  Origin™  software  package.  Although 
the  error  in  fitting  the  conductivity  tensor  was  rela¬ 
tively  small  for  any  MCF  calculation  employing  three 
or  more  species,  the  qualitative  behavior  of  the  re¬ 
sulting  densities  and  mobilities  was  highly  dependent 
on  how  many  carriers  were  assumed  to  be  present. 
Assuming  three  species,  for  example,  at  low  tempera¬ 
ture  two  of  them  obviously  corresponded  to  E 1  and  E2 
from  Fig.  3a,  while  the  third  had  a  much  lower 
mobility.  However,  at  temperatures  above  100K,  the 
highest-mobility  species  increased  its  mobility  (corre¬ 
sponding  to  E3)  while  the  intermediate-mobility  spe¬ 
cies  appeared  to  become  a  composite  of  El  and  E2. 
When  four  species  were  assumed,  the  mix  became 
even  more  complicated,  dramatically  illustrating  the 


extreme  sensitivity  of  the  MCF  to  the  arbitrary  initial 
assumption  concerning  species  multiplicity.  Thus, 
there  is  considerable  advantage  to  the  elimination  of 
prior  assumptions  in  the  QMSA,  even  though  it  is  not 
always  a  straightforward  matter  to  interpret  the 


b 

Fig.  5.  (a)  Carrier  density  and  (b)  carrier  mobility  as  a  function  of 
temperature  for  LPE  HgCdTe  (x  =  0.216)  obtained  from  the  mobility 
spectrum  (QMSA).  Three  identified  carriers  indicated  as  El ,  E2,  E3. 
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identity  of  the  various  peaks  and  shoulders  which 
appear  in  the  spectra.  In  contrast  to  the  standard 
MCF,  the  data  manipulation  phase  of  the  QMSA 
magneto-transport  characterization  is  clearly  differ¬ 
entiated  from  the  interpretation  phase. 

CONCLUSIONS 

We  have  discussed  a  new  approach  to  obtaining 
quantitative  mobility  and  carrier  density  information 
from  the  analysis  of  field-dependent  Hall  and  resis¬ 
tivity  data.  Starting  with  an  appropriate  initial  trial 
function  such  as  the  Beck  and  Anderson  spectrum  (in 
discrete  form),  the  Iterative  algorithm  of  the  QMSA 
generates  electron  and  hole  mobility  spectra  which 
yield  almost  perfect  fits  to  the  experimental  conduc¬ 
tivity  tensor  as  a  function  of  magnetic  field.  The 
spectra  obtained  may  be  viewed  as  an  easily  inter¬ 
preted  graphical  restatement  of  the  input  data.  It 
fully  quantifies  the  number  of  carrier  species  (from 
the  number  of  peaks),  their  type  (electrons  or  holes), 
and  their  densities  and  mobilities.  While  the  QMSA 
results  are  often  similar  to  those  obtained  from  a 
standard  multi-carrier  fit,  the  procedure  is  fully  au¬ 
tomatic  and  does  not  require  any  initial  assumptions. 

In  most  regards,  the  iterative  approach  presented 
in  this  paper  does  not  differ  appreciably  from  that  of 
Dziuba  and  Gorska.  We  have  employed  a  more  realis¬ 
tic  initial  function  (the  MSA  mobility  spectrum),  sig¬ 
nificantly  increased  the  density  of  points  in  the  spec¬ 
trum,  extended  the  mobility  limits,  and  employed  a 
more  efficient  iteration  algorithm  (the  succesive  over¬ 
relaxation  procedure).  In  practice,  however,  the  most 
significant  difference  is  that  the  convergance  has 
been  improved  by  constraining  the  partial  conductiv¬ 
ity  contributions  to  always  have  non-negative  values 
(which  is  also  more  physically  reasonable).  These 
refinements  have  made  the  technique  more  practical 
and  reliable  to  use. 

For  a  PC  with  a  486  processor,  the  total  CPU  time 
needed  to  generate  the  QMSA  spectrum  for  a  single 
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temperature  (including  experimental  data  interpola¬ 
tion,  the  MSA  spectrum  calculation,  and  the  QMSA 
itself)  is  in  the  order  of  2  min.  Presently,  the  only  step 
requiring  human  intervention  is  in  the  determination 
of  carrier  densities  corresponding  to  a  given  mobility 
peak,  since  one  must  choose  the  range  of  mobilities  to 
be  integrated  over  for  each  peak.  Ultimately,  how¬ 
ever,  this  step  could  also  be  automated  in  more  rou¬ 
tine  cases  where  the  general  nature  of  the  spectrum 
is  somewhat  known  in  advance. 

Further  refinements  of  the  QMSA  technique  are 
now  under  investigation.  Also  being  initiated  is  a 
detailed  study  of  how  the  QMSA  performs  when  it  is 
routinely  applied  to  a  large  number  of  samples  with 
widely  varying  properties.  However,  preliminary  in¬ 
dications  suggest  that  the  present  form  of  the  proce¬ 
dure  is  quite  suitable  for  use  as  an  industry-standard 
tool  for  analyzing  field-dependent  Hall  characteriza¬ 
tions  of  diverse  semiconductor  materials  andbandgap 
engineered  structures. 
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Characterization  of  Molecular  Beam  Epitaxially  Grown  HgCdTe 
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Interband  magneto-absorption  is  used  to  characterize  molecular  beam  epitaxi¬ 
ally  (MBE)  grown  HgCdTe  epilayers.  Both  the  bandgap  and  the  Moss-Burstein 
shift  in  n-doped  layers  are  determined  from  the  experiments.  A  heterostructure 
sample  consisting  of  four  layers  with  different  compositions  is  also  analyzed.  Due 
to  the  good  experimental  sensitivity  all  four  bandgaps  are  determined,  in 
contrast  to  optical  transmission  analysis  without  a  magnetic  field  where  only  the 
lowest  gap  is  readily  visible.  The  interband  magneto-absorption  signal  strongly 
depends  on  the  electron  mobility.  This  has  been  used  as  an  aid  to  optimizing  the 
MBE  growth  conditions  of  HgCdTe  layers  on  different  substrate  orientations. 

Key  words:  HgCdTe,  interband  magneto-absorption,  molecular  beam 
epitaxy  (MBE),  Moss-Burstein  shift 


INTRODUCTION 

Magneto-optical  studies  of  semiconductors  in  gen¬ 
eral  and  HgCdTe  in  particular  are  a  powerful 
noncontact  and  nondestructive  tool  for  determining 
the  electronic  band  structure.  It  has  been  shown  that 
the  quasi-germanium  model  gives  a  consistent  de¬ 
scription  of  the  carrier  behavior  in  HgCdTe  in  the 
presence  of  a  magnetic  field.1’2  This  technique  has 
been  used  to  determine  the  symmetry  properties  of 
the  fundamental  extremes  as  well  as  the  values  of  the 
effective  mass  and  g-factor.  Most  of  the  previous 
investigations  have  been  performed  on  thick  bulk 
samples.  Therefore,  interband  excitations  (electron- 
hole  excitations  across  the  bandgap)  have  mainly 
been  studied  in  the  reflection  geometry,  and  only  a 
few  transmission  investigations  on  thin  samples  ex¬ 
ist.3’4  In  contrast,  due  to  the  smaller  absorption, 
intraband  (free  carrier)  excitations  like  cyclotron  reso- 
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nance  have  been  measured  in  the  transmission  mode, 
and  much  attention  has  been  paid  to  this  type  of 
measurements . 5-8 

Recently,  we  have  studied  interband  magneto-ab¬ 
sorption  in  HgTe/CdTe  superlattices  with  emphasis 
on  the  fundamental  physical  aspects.9-10  The  rich 
optical  spectra  permit  a  close  comparison  with  theo¬ 
retically  evaluated  hole  to  electron  subband  transi¬ 
tions.  It  is  also  possible  to  identify  structures  in  the 
absorption  which  do  not  originate  from  the  electronic 
band,  but  from  impurity  levels  or  interference  effects. 

In  this  paper,  we  describe  the  use  of  interband 
magneto-absorption  as  a  sensitive  characterization 
technique  for  HgCdTe  epilayers.  The  emphasis  is  on 
determining  technologically  important  parameters 
relevant  for  device  applications.  Three  major  topics 
are  addressed: 

®  In  n-doped  layers  the  absorption  edge  is  shifted  to 
larger  energies,  the  Moss-Burstein  shift,  as  the 
F ermi  energy  moves  into  the  conduction  band.  By 
interband  magneto-absorption  both  the  funda- 
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Table  I.  Structural  Parameters  for  the  Epilayers  Used  in  This  Work 


Sample 

Nominal  Structure 

Structure  Determined  from 
Magneto-Absorption 

Comments 

A 

Single  Doped 
Layer 

d  =  6.3  pm 
x  =  0.20 

n  =  4  x  1016  cm-3 

EG  =  44  ±  5  meV 

EF  =  80  ±  10  meV 
x  =  0.191  ±0.003 
mc  =  0.012  ±  0.002  m0 

n  =  9.9  x  1016  cm-3  from 

Hall  measurement, 
n  =  7  ±  2  x  10 16  cm-3  calculated 
from  the  Fermi  energy. 

B 

Single 

Heterojunction 

d1  =  2  pm,  xl  =  0.23 
d2  3=  pm,  x2  =  0.28 

E01  =  144  ±  5  meV,  x,  =  0.250  +  0.003 
EG2  =  245  +  5  meV,  x2  =  0.311  ±  0.003 

undoped  single  heterojunction 
with  two  layers  of  different 
composition,  x. 

C 

Triple 

Heterojunction 

d1  =  10  pm,  x1  =  0.21 
d2  =  1  pm,  x2  =  0.225 
d3  =  1.5  pm,  x3  =  0.24 
d4  =  2  pm,  x4  =  0.255 

EG1  =  96  ±  5  meV,  xx  =  0.221  ±  0.003 

EC2  =  1114  5  meV,  x9  =  0.230  ±  0.003 
EG3  =  134  ±  5  meV,  x3  =  0.244  ±  0.003 
EG4  =  159  ±  5  meV,  x4  =  0.259  ±  0.003 

undoped  triple  heterojunction 
with  one  thick  layer  with  low  x 
and  three  thin  layers  with 
slightly  higher  x. 

D 

HgTe/CdTe 

Superlattice 

61  Periods 
dw  =  82A 
db  =  30A 

EG  =  20  ±  5  meV 

E,  =  485  ±  5  meV 

Eb  is  the  transition  energy 
to  the  next  higher  subband. 

Sample  D  has  been  grown  on 
both  (211)  and  (776)  substrate 
at  170°C  simultaneously. 

E 

HgTe/CdTe 
Multiple 
Quantum  Wells 

40  Periods 
d ,  =  78A 
db  =  71A 

Eg  =  20  ±  10  meV 

EL  is  not  resolved. 

Sample  E  has  been  grown 
on  both  (211)  and  (100)  sub¬ 
strate  at  18Q°C  simultaneously. 

Note:  The  nominal  values  at  the  left  are  the  design  parameters  of  the  structures,  d  is  the  layer  thickness,  n  is  the  carrier  density  for  the  n- 
doped  layer,  x  is  the  Cd  fraction  in  the  Hg1  xCdxTe  layers,  mc  is  the  conduction  band  effective  mass  at  the  Fermi  energy,  and  dw  and  db  are 
the  superlattice  well  and  barrier  width,  respectively.  The  bandgap,  EG,  and  the  Fermi  energy,  Ep,  at  the  right  are  determined  experimentally, 
while  the  composition,  x,  is  calculated  from  the  gap. 


mental  bandgap  and  the  Moss-Burstein  shift  (or 
the  Fermi  energy)  can  be  experimentally  deter¬ 
mined.  The  Fermi  energy  can  also  provide  infor¬ 
mation  on  the  carrier  density. 

0  The  bandgap  of  undoped  single  epilayers  can  be 
found  by  conventional  infrared  transmission 
analysis.  However,  it  is  difficult  to  determine  the 
different  gaps  in  heterostructures  with  this 
method.  We  demonstrate  that  interband  mag¬ 
neto-absorption  can  meet  the  need  for  a  precise 
gap  determination  in  heterostructures,  by  deter¬ 
mining  all  four  gaps  in  a  triple  heterostructure 
sample. 

0  The  amplitude  of  the  oscillating  interband  mag¬ 
neto-absorption  signal  depends  on  the  electron 
mobility,  independently  of  the  type  of  doping. 
The  electron  mobility  is  very  sensitive  to  the 
crystalline  quality  of  the  structures.  Thus,  inter¬ 
band  magneto-absorption  can  be  used  as  an  aid  to 
optimize  the  MBE  growth  conditions  by  compar¬ 
ing  the  magneto-absorption  amplitude  from  struc¬ 
tures  grown  at  different  conditions. 

EXPERIMENTAL 

The  HgCdTe  epilayers  were  grown  in  a  Riber  32 
MBE  system  on  lattice  matched  CdZnTe  substrates 
with  different  surface  orientations:  (lll)B  4° 
misoriented,  (211)B,  and  (100),  hereafter  referred  to 
as  (111),  (211),  and  (100),  respectively.  Further  de¬ 
tails  about  the  growth  procedures  have  been  pub¬ 
lished  elsewhere.11  Table  I  gives  an  overview  of  the 
samples  used  in  this  investigation. 


The  interband  magneto-absorption  is  measured  in 
the  Faraday  configuration  using  a  Fourier  transform 
interferometer  coupled  to  an  11-Tesla  superconduct¬ 
ing  magnet.  All  measurements  are  performed  at  liq¬ 
uid  helium  temperature.  The  setup  covers  the  mid- 
infrared  regime  from  500  to  5000  cnr1  using  a  HgCdTe 
detector  mounted  in  the  magnet  dewar. 

RESULTS  AND  DISCUSSION 

Interband  Landau  level  transitions  in  the  Faraday 
geometry  occur  with  An  =  ±  1,  where  n  is  the  Landau 
level  quantum  number  of  the  carriers.1  The  dominat¬ 
ing  transitions  originate  from  the  heavy  hole-like 
valence  band  Landau  levels.  The  transition  probabil¬ 
ity  is  generally  largest  for  transitions  to  the  n  =  1 
conduction  band  Landau  level  and  decreases  for  tran¬ 
sitions  to  levels  with  larger  quantum  number.  Due  to 
the  large  mass,  the  heavy  hole  Landau  level  energies 
are  small  compared  to  the  energies  of  the  conduction 
band  Landau  levels. 

In  general,  the  bandgap  is  found  by  extrapolating 
each  Landau  level  transition  energy  individually  to 
zero  magnetic  field.  For  thick  epilayers  without  any 
size  quantization  effects,  all  Landau  level  transitions 
merge  at  the  fundamental  gap.  The  extrapolation  is 
performed  using  the  approximate  expression  for  the 
conduction  band  Landau  level  energy,  Eq.  (28)  of 
Ref.  1.  For  bandgap  determination,  it  is  not  necessary 
to  calculate  the  Landau  level  energy,  and  thus  de¬ 
tailed  knowledge  about  band  structure  parameters 
like  the  effective  mass  and  g-factor  are  not  needed. 
Instead  the  Landau  level  transition  energies  can  be 
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fitted  to  the  expression 

B-s^L+i¥^AB>  (1) 

where  ELL  is  the  Landau  level  transition  energy,  EG  is 
the  bandgap,  A  is  a  constant  including  the  band 
parameters,  and  B  is  the  magnetic  field.  The  valence 
band  Landau  level  energies  are  neglected.  This  method 
ensures  a  precise  gap  determination,  also  in  the  case 
where  experimental  data  close  to  B  =  0  are  missing. 
The  composition,  x  in  Hg1  xCdxTe,  is  calculated  from 
the  bandgap  using  the  formula  by  Hansen  et  al.12 

In  Fig.  la,  the  normalized  magneto-transmission  is 
shown  for  a  n-doped  HgCdTe  layer  (sample  A  of  Table 
I)  at  various  magnetic  fields.  The  normalization  is 
done  by  dividing  the  transmission  at  a  certain  mag¬ 
netic-field  by  the  transmission  at  zero  magnetic  field, 
T(B)/T(0).  Hence,  only  magnetic  field  dependent  fea¬ 
tures  in  the  spectrum  are  seen.  The  data  without  a 
magnetic  field  is  not  normalized.  The  normalization 
procedure  is  described  in  more  detail  elsewhere.9 

Each  transmission  minimum  in  Fig.  la  originates 
from  an  allowed  Landau  level  transition.  Figure  lb 
shows  the  Landau  fan  chart  of  the  measurement  data 
in  Fig.  la.  Five  different  Landau  level  transitions  are 
resolved.  They  are  labeled  and  their  energy  positions 
are  indicated  with  lines  in  the  transmission  curves  in 
Fig.  la.  The  structure  is  n-type  doped  with  indium 
and  has  n  =  9.9  x  1016  cm-3  as  determined  from  Hall 
measurements.  Thus,  also  an  intraband  Landau  level 
transition  (cyclotron  resonance)  is  observed  in  the 
experiments.  This  transition  is  labeled  1  in  Fig.  1. 

The  interband  absorption  edge  both  with  and  with¬ 
out  an  external  magnetic  field  is  shifted  relative  to  the 
fundamental  gap  due  to  the  Moss-Burstein  shift.13 
However,  the  gap  can  still  be  determined  by  extrapo¬ 
lating  the  observed  Landau  level  transition  energies 
to  zero  magnetic  field,  (see  Fig.  lb).  In  contrast, 
infrared  transmission  without  a  magnetic  field  only 
determines  the  Moss-Burstein  shifted  gap.14  For  the 
transition  labeled  2  in  Fig.  lb,  the  final  state  Landau 
level  is  partly  occupied,  and  thus  this  transition 
cannot  be  used  in  the  gap  determination.  The  gap  is 
determined  to  be  EG  =  44  ±  5  meV. 

The  Moss-Burstein  shift,  which  is  due  to  the  Fermi 
energy,  EF,  in  the  conduction  band,  can  be  found  in 
two  different  ways  from  the  data  in  Fig.  la.  The 
Landau  level  transitions  cease  at  energies  lower  than 
Eg  +  EP.  This  is  especially  prominent  for  the  transi¬ 
tions  labeled  2  in  Fig.  lb.  The  energy  EG  +  EF  can  also 
be  identified  as  the  low  temperature  absorption  edge 
at  zero  magnetic  field.  The  Fermi  energy  is  deter¬ 
mined  simply  by  subtracting  the  fundamental  gap, 
EG.  Both  methods  give  EF  =  80  ±  10  meV  relative  to  the 
conduction  band  edge.  It  is  possible  to  estimate  the 
carrier  density  from  the  Fermi  energy,  integrating 
the  density  of  states  while  taking  the  conduction  band 
nonparabolicity  into  account.  This  gives  n  =  7  ±  2  x  1016 
cm-3  in  rather  good  agreement  with  the  value  deter¬ 
mined  from  Hall  measurements.  Thus,  interband 
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magneto-absorption  measurement  also  gives  infor¬ 
mation  about  the  carrier  density. 

The  effective  mass  at  the  Fermi  energy  is  de¬ 
termined  from  the  intraband  transitions  marked  with 
linFig.  1.  Due  to  the  conduction  band  nonparabolicity, 
the  value  varies  slightly  with  the  magnetic  field,  and 
it  should  be  determined  at  a  very  low  field  value.  In 
this  experiment,  data  for  fields  below  7  T  were  inac¬ 
cessible  due  to  the  spectral  range  of  the  setup.  At  7  T 
mc  =  0.012  ±  0.002  m0.  This  is  in  good  agreement  with 
a  theoretically  calculated  effective  mass  of  mc  =  0.01 
m0  at  the  Fermi  energy.1  Access  to  experimental  data 
for  magnetic  fields  closer  to  0  T  would  probably  even 
improve  the  agreement  with  the  theory.  The  fun¬ 
damental  bandgap,  the  Fermi  energy,  and  the  ef¬ 
fective  mass  for  sample  A  are  all  listed  in  Table  I. 

An  example  of  interband  magneto-absorption  mea¬ 
surements  on  a  single  heterojunction  (sample  B  of 
Table  I)  is  shown  in  Figs.  2a  and  2b.  From  the 
transmission  data  at  zero  magnetic  field  in  Fig.  2a,  it 


a 


Fig.  1.  (a)  Normalized  transmission  for  the  n-doped  FlgCdTe  layer, 
sample  A  of  Table  I,  at  several  magnetic  fields.  Each  minimum  in  the 
transmission  corresponds  to  a  Landau  level  transition.  The  energy 
positions  of  the  transitions  are  marked,  and  the  different  transitions  are 
labeled.  The  0  T  data  is  not  normalized  and  shown  for  reference,  (b) 
Landau  level  fan  chart  for  the  same  sample.  The  full  lines  are  fits  using 
Eq.  (1)  to  the  experimentally  observed  Landau  level  transition  ener¬ 
gies  (squares).  The  Landau  level  transitions  are  marked  in  accordance 
with  a). 
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Fig.  2.  (a)  Normalized  transmission  for  the  single  heterojunction 
sample  B  at  various  magnetic  fields.  The  transmission  curve  at  B  =  0 
T  is  not  normalized.  The  identified  Landau  level  transitions  are  labeled 
and  their  energy  positions  are  marked,  (b)  Landau  level  fan  chart  for 
the  same  sample,  where  the  fits  (full  lines)  to  the  experimental  results 
(squares)  are  extrapolated  to  zero  magnetic  field  for  precise  gap 
determinations  in  both  layers. 

is  possible  to  resolve  the  fundamental  gap  of  the  low 
bandgap  material  at  approx.  140  meV.  The  bandgap 
of  the  second  layer  is,  however,  not  easily  determined 
from  the  B  =  0  data. 

With  an  applied  magnetic  field  the  spectra  in  Fig. 
2a  consist  of  a  superposition  of  Landau  level  transi¬ 
tions  in  the  two  layers.  At  least  five  different  Landau 
level  transitions  are  resolved.  They  are  labeled  and 
their  energy  positions  are  marked  at  the  various 
magnetic  fields  in  Fig.  2a.  The  Landau  level  fan  chart 
is  shown  in  Fig.  2b.  For  precise  identification  of  the 
Landau  level  transitions  and  their  energies,  mea¬ 
surements  are  performed  also  at  intermediate  mag¬ 
netic  fields  compared  to  those  shown  in  Fig.  2a.  In 
addition,  the  Landau  level  transitions  are  partly 
recognized  by  their  fine-structure  in  the  absorption 
spectra. 

By  extrapolation,  four  Landau  level  transitions  are 
identified  as  originating  from  the  low  gap  material. 
The  gap  is  determined  to  EG1  =  144  ±  5  meV,  equiva¬ 
lent  to  x  =  0.250  ±  0.003.  The  fifth  Landau  level 
transition  does  not  extrapolate  to  the  same  energy  at 
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Fig.  3.  (a)  Normalized  transmission  forthe  triple  heterojunction  sample 
C  (see  Table  !)  at  low  magnetic  fields.  The  identified  Landau  level 
transitions  are  labeled  and  their  energy  positions  are  marked.  The 
transmission  curve  at  B  =  0  T  is  not  normalized,  (b)  Landau  level  fan 
chart  showing  that  the  bandgap  of  all  four  layers  can  be  identified  by 
extrapolation  of  the  Landau  level  transition  energy  to  B  =  O. 


B  =  0  and  must  occur  in  the  layer  with  higher  bandgap. 
Extrapolation  gives  a  gap  energy  of  EG2  =  245  ±  5  meV 
or  x  =  0.310  ±  0.003.  With  this  information,  it  is 
possible  to  identify  the  small  structure  around  250 
meV  in  the  zero  field  transmission  curve  of  Fig.  2a  as 
the  absorption  edge  of  the  wide  gap  material. 

Due  to  the  rather  thin  layers  in  sample  B,  it  was 
possible  to  resolve  the  absorption  edge  of  both  mate¬ 
rials  also  in  the  absence  of  a  magnetic  field.  For  other 
structures  like  photodiodes  with  a  thick  (10  um)  low 
x  layer  followed  by  a  thin  (1-2  um)  layer  with  slightly 
larger  x,  this  is  definitely  not  the  case.  Figure  3  shows 
interband  magneto-absorption  measurements  for  a 
triple  heterostructure  (sample  C  of  Table  I).  The 
structure  consists  nominally  of  a  10  um  layer  with  x 
=  0.21  grown  on  top  of  three  thin  layers  (1.0,  1.5,  and 
2.0  um,  respectively)  with  slightly  higher  x  (x  =  0.225, 
0.24,  and  0.255,  respectively.).  At  zero  magnetic  field, 
it  is  possible  to  identify  the  bandgap  of  the  thick  layer 
with  low  x  value  in  the  transmission  measurements 
in  Fig.  3a.  The  absorption  edges  of  the  three  thin 
layers  are  not  visible,  however. 
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Several  Landau  level  transitions  are  observed  with 
an  applied  magnetic  field.  At  high  fields  pronounced 
superposition  occurs  in  the  absorption  between  Landau 
level  transitions  in  the  different  layers.  At  low  fields, 
approximately  below  4  T,  the  situation  is  simpler.  By 
careful  analysis  of  transmission  spectra  with  mag¬ 
netic  field  separation  of  0.5  T,  at  least  six  different 
Landau  level  transitions  can  be  resolved.  The  fan 
chart  in  Fig.  3b  shows  that  their  transition  energies 
can  be  extrapolated  to  zero  magnetic  field,  giving  four 
different  bandgaps.  The  extrapolation  to  four  differ¬ 
ent  bandgaps  are  also  directly  visible  in  the  B  -  0.5  T 
transmission  measurement  shown  in  Fig.  3a.  The 
measured  gaps  have  also  been  confirmed  by  partly 
etching  the  thick  low  x  layer  and  repeating  the 
interband  magneto-absorption  experiments.  The  de¬ 
termined  layer  compositions  are  very  close  to  the 
nominal  ones.  The  results  are  listed  in  Table  I. 

The  main  reason  for  the  ability  to  resolve  Landau 
level  oscillations  from  all  four  layers  is  the  large 
transition  probability  at  the  onset  of  the  magneto¬ 
absorption  or  more  generally  on  resonance  for  a 
Landau  level  transition  as  described  previously.  At 
the  same  time,  the  off-resonance  absorption  coeffi¬ 
cient  is  lower  than  without  a  magnetic  field.  This 
combination  opens  up  the  possibility  to  resolve  mag¬ 
neto-absorption  features  in  layers  where  no  informa¬ 
tion  are  available  from  absorption  experiments  with¬ 
out  a  magnetic  field.  However,  even  with  a  magnetic 
field,  it  is  impossible  to  observe  absorption  features 
from  all  layers  in  a  heterostructure  if  the  composition 
difference  is  too  large  combined  with  a  thick  low  x 
layer. 

In  order  to  observe  pronounced  Landau  level  tran¬ 
sitions,  the  mobility  of  the  electrons,  p,  has  to  fulfill 
the  condition  pB  >  1.  The  observation  of  clear  Landau 
level  transitions  down  to  at  least  B  =  0.5  T  in  Fig.  3a 
indicates  an  electron  mobility  of  p  >  20000  cm W s  in 
all  four  layers  of  sample  C.  Another  heterostructure 
with  independent  indication  of  a  low  electron  mobility 
in  one  of  the  layers  has  also  been  analyzed.  In  this 
case,  no  Landau  level  transition  was  observed  from 
the  low  mobility  layer.  Thus,  only  layers  with  reason¬ 
able  electron  mobility  can  be  analyzed. 

The  sensitivity  to  the  electron  mobility  has  been 
used  as  an  aid  to  optimizing  the  growth  conditions  of 
HgCdTe  epilayers,  especially  superlattice  structures. 
Figure  4a  shows  the  interband  magneto-absorption 
measurements  for  the  superlattice,  sample  D  of  Table 
I.  The  structure  was  grown  simultaneously  on  both  a 
(211)  and  a  (111)  oriented  substrate  at  a  temperature 
of  170°C.  Several  Landau  level  transitions  are  ob¬ 
served  on  the  sample  grown  on  (211)  substrate  orien¬ 
tation.  In  contrast,  only  the  first  Landau  level  transi¬ 
tion  is  observed  on  the  sample  grown  on  (111)  orien¬ 
tation.  This  shows  that  with  the  growth  conditions 
used,  the  structure  grown  on  the  (211)  orientation  has 
superior  electronic  quality  compared  to  the  structure 
grown  on  the  (111)  orientation.  A  similar  structure 
has  also  been  grown  at  a  substrate  temperature  of 
190°C.  In  this  case,  several  Landau  level  transitions 
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are  observed  for  both  substrate  orientations.  Thus, 
for  the  specific  set  of  growth  conditions  used,  good 
quality  superlattices  can  be  grown  over  a  larger 
temperature  interval  on  (211)  than  on  (111).  Further 
details  about  substrate  temperature  control  and  the 
growth  procedures  are  given  elsewhere.1115 

A  similar  comparison  between  the  growth  on  (211) 
and  (100)  has  been  performed  on  a  multiple  quantum 
well  structure  (sample  E,  of  Table  I).  The  normalized 
transmission  data  are  shown  in  Fig.  4b.  For  these 
specific  growth  conditions,  which  were  optimized  for 
(100),  the  (100)  structure  have  the  best  electronic 
quality.  A  more  comprehensive  comparison  between 
the  growth  on  (211)  and  (100)  will  be  presented 
elsewhere.  These  results  demonstrate  the  ability  to 
extract  information  about  the  electronic  quality  from 
interband  magneto-absorption  experiments. 

CONCLUSIONS 

We  have  demonstrated  that  interband  magneto¬ 
absorption  is  very  well  suited  for  noncontact  and 
nondestructive  characterization  of  HgCdTe  epilayers. 


a 


Fig.  4.  (a)  Normalized  transmission  at  various  magnetic  fields  ob¬ 
served  on  two  superlattices,  sample  D,  grown  at  1 70°C  on  the  (21 1 ) 
and  (111)  orientations  in  the  same  run.  (b)  Normalized  transmission  at 
various  magnetic  fields  for  two  multiple  quantum  well  structures, 
sample  E,  grown  on  (211)  and  (100)  at  180°C  in  the  same  run. 
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Three  main  issues  have  been  addressed.  In  n-doped 
layers  both  the  bandgap  and  the  Fermi  level  can  be 
determined.  The  Fermi  level  also  provides  informa¬ 
tion  on  the  carrier  density.  The  bandgaps  in  compli¬ 
cated  multilayer  heterostructures  can  be  precisely 
found.  This  has  been  demonstrated  by  determining 
both  the  bandgap  and  the  composition  in  a  triple 
heterostructure  sample  with  four  different  layer  com¬ 
positions.  Interband  magneto-absorption  also  serves 
as  a  sensitive  test  of  the  electronic  quality  of  the 
epilayers.  This  has  been  used  as  an  aid  to  optimizing 
the  growth  conditions  for  HgCdTe  superlattices  and 
quantum  wells. 
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Low-temperature  photoluminescence  (PL)  studies  of  iodine-doped  CdTe  epilayers 
have  been  performed.  A  compensating  acceptor  center  which  gives  rise  to  deep- 
level  PL  emission  at  1.491  eV  is  identified.  From  selective  excitation  PL  studies, 
we  assign  this  1.491  eV  line  to  the  recombination  of  an  associate  donor-acceptor 
close  pair,  consisting  of  nearest  neighbor  substitutional  sodium  and  iodine  atoms 
(NaCd  -  ITe).  This  neutral  defect  complex  has  a  localized  mode  of  36.5  meV,  which 
is  much  larger  than  the  bulk  CdTe  lattice  mode  of  21.3  meV.  The  electronic 
energy  level  associated  with  this  defect  is  115  meV  below  the  conduction  band. 
Also,  we  use  a  combination  of  selective  excitation  PL  and  Raman  spectroscopies 
to  determine  the  ionization  energy  of  the  isolated  shallow  iodine  donor  (ITe)  in 
CdTe.  We  find  that  the  donor  binding  energy  of  this  anion-site  hydrogenic  donor 
is  15.0  (±  0.2)  meV. 

Key  words:  CdTe,  donors,  photoluminescence  (PL) 


INTRODUCTION 

Substitutional  doping  of  CdTe  with  iodine1  on  the 
Te  sublattice  (ITe)  has  yielded  room-temperature  elec¬ 
tron  concentrations  as  high  as  3  x  1018  cm-3.  These  n- 
type  CdTe:I  epilayers  exhibit  bright  photolu¬ 
minescence  (PL)  from  liquid  helium  temperature  to 
room  temperature.2  Previous  PL  studies  have  focused 
on  the  near-edge  emission  related  to  the  shallow 
iodine  (ITe)  donor.3  In  the  present  study,  we  use  PL 
spectroscopy  to  identify  compensating  acceptor  cen¬ 
ters  which  give  rise  to  deep-level  PL  emission  at  1.491 
eV.  Also,  we  use  a  combination  of  selective  excitation 
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PL  and  Raman  spectroscopies  to  determine  the  ion¬ 
ization  energy  of  the  shallow  iodine  donor  (ITe)  in 
CdTe.  The  hydrogenic  donor  ionization  energy  in 
CdTe  has  been  thought  to  be  14  meV  and  indium,  a 
cation-site  donor,  does  exhibit  a  14.1  meV  donor 
binding  energy.4  However,  our  previous  work5  sug¬ 
gested  that  the  iodine  donor  energy  is  closer  to  15 
meV.  We  clarify  those  results  in  the  present  study. 

EXPERIMENTAL  DETAILS 

Photoluminescence  studies  were  performed  on  a 
series  of  CdTe: I  epilayers  grown  by  molecular  beam 
epitaxy  at  Georgia  Tech.  Above-band-gap  excitation 
for  conventional  PL  experiments  was  provided  by  the 
output  from  an  argon  ion  laser.  The  tunable  output 
from  a  Ti:sapphire  laser  (Coherent  model  899-01)  was 
used  in  the  selective  excitation  studies.  The  Tiisapphire 
emission  energy  was  measured  to  within  ±  0.03  meV. 
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1.400  1.430  1.460  1.490  1.520 

ENERGY  (8V) 

Fig.  1 .  Deep-level  PL  at  4.8K  from  CdTe:l.  Curve  (a)  was  taken  with 
514.5  nm  excitation  from  an  argon  laser.  Curve  (b)  was  taken  with 
beiow-band-gap  excitation  at  1 .591 4  eV  and  shows  the  enhancement 
ot  the  DAP  band. 


1.430  1.450  1.470  1.490  1.510 

ENERGY  (eV) 

Fig.  2.  Photoluminescence  spectrum  at  4.8K  from  CdTe:!  epiiayer 
using  below-band-gap  excitation  at  1 .5273  eV.  Localized  defect  PL  at 
1.491  eV  is  accompanied  by  36  meV  phonon. 

Sample  temperature  was  controlled  by  flowing  he¬ 
lium  vapor  across  the  sample  surface  in  a  Janis 
SuperVaritemp  Dewar.  The  PL  signals  were  detected 
with  an  Instruments  SA  HR-640  spectrometer  and 
GaAs  photomultiplier  tube  (PMT),  and  then  analyzed 
with  a  lock-in  amplifier.  A  Jobin-Yvon  Ramanor  U1000 
double  monochromator  equipped  with  a  GaAs  PMT 
and  photon  counting  electronics  was  used  to  obtain 


micro-Raman  spectra.  In  these  latter  experiments, 
the  488  nm  excitation  from  an  argon  ion  laser  was 
focused  on  the  sample  surface  to  a  spot  diameter  of 
about  10  microns  using  an  Olympus  BH-2  micro¬ 
scope. 

Excitation  PL  studies  were  performed  using  a  tun¬ 
able  Tiisapphire  laser  (Spectra-Physics  model  3900) 
with  output  wavelength  recorded  by  an  interferometric 
Burleigh  WA-21008  Wavemeter.  The  sample  tem¬ 
perature  was  maintained  at  about  lOKfor  the  excita¬ 
tion  PL  studies.  The  excitation  PL  signals  were  dis¬ 
persed  using  a  Spex  1000M  monochromator  and  de¬ 
tected  with  a  liquid-nitrogen-cooled  germanium  pho¬ 
todetector. 

RESULTS  AND  DISCUSSION 

Low-temperature  PL  spectra  from  heavily  doped 
CdTe:I  epilayers  exhibit  deep-level  emission  in  the 
range  from  1.40  to  1.49  eV.  These  emissions  are 
related  to  compensating  acceptor  centers  which  limit 
the  n-type  doping.  Figure  1  shows  the  deep-level  PL 
spectrum  at  4.8K  for  a  sample  with  a  room-tempera¬ 
ture  carrier  concentration  of  1.3  x  1018  cm-3.  The  data 
in  Fig.  la  were  excited  using  the  above-band-gap 
514.5  nm  (2.41  eV)  output  from  an  Ar  laser.  A 
relatively  sharp  emission  at  1.491  eV  is  the  dominant 
feature,  and  a  broad  band  showing  several  orders  of 
phonon  replicas  extends  from  1.47  to  1.40  eV.  Figure 
lb  shows  the  spectrum  recorded  with  the  incident 
excitation  energy  provided  by  a  Ti: sapphire  laser 
tuned  to  1.5914  eV,  which  is  below  the  CdTe  band  gap 
but  within  the  range  to  excite  electrons  to  the  shallow 
iodine  donor  levels.  The  intensity  of  the  broad  band 
increases,  as  is  characteristic  for  distant  donor-accep¬ 
tor  pair  (DAP)  recombination,  while  the  1.491  eV 
feature  becomes  much  weaker. 

A  correlation  of  growth  parameters  with  the  1.47 
eV  intensity6  shows  the  deep-level  DAP  band  to  be 
recombination  between  shallow  ITe  donors  and  ITe- 
cadmium  vacancy  complexes,  or  A  centers  (VCd  -  ITe). 
The  thermal  quenching  behavior  of  the  integrated  PL 
intensity  of  the  DAP  emission  gave  a  value  of  125  meV 
for  the  iodine  A-center  ionization  energy,  which  is  in 
good  agreement  with  ionization  energies  reported  for 
the  chlorine  A-center  (-120  meV)  in  CdTe.7  The  data 
in  Fig.  1  clearly  show  that  the  1.491  eV  line  is  not 
related  to  isolated  iodine  donors. 

To  identify  the  nature  of  the  1.491  eV  recombi¬ 
nation  band,  we  recorded  a  series  of  selective  ex¬ 
citation  spectra  using  below-band-gap  excitation.  Fig¬ 
ure  2  shows  the  spectrum  recorded  at  4.8K  with  the 
incident  photon  energy  tuned  to  1.5273  eV,  which  is 
well  below  the  iodine  (D°,  h)  energy  in  CdTe.  The  DAP 
emission  is  not  observed  with  this  low  excitation 
energy.  The  1.491  eVline,  however,  is  easily  seen  and 
is  accompanied  by  a  phonon  replica  at  about  1.455  eV 
with  separation  energy  of  -36  meV.  This  replica,  or 
localized  mode,  was  observed  under  excitation  ener¬ 
gies  from  1.52  eV  to  near  1.49  eV.  The  average 
separation  energy  between  the  localized  mode  and 
the  1.491  eV  PL  line  was  36.5  meV.  This  energy  is 
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quite  different  from  the  LO  phonon  energy  in  CdTe  of 
21.3  meV. 

Excitation  PL  spectra  were  recorded  at  Georgia 
Tech  at  sample  temperatures  of  10K  The  data  shown 
in  Fig.  3a  were  recorded  while  the  spectrometer  moni¬ 
tored  the  PL  emission  at  1.488  eV,  which  is  slightly 
below  the  1.491  eV  peak  emission.  There  was  no 
significant  resonance  as  the  incident  laser  light  was 
scanned  across  the  band  gap  energy  at  1.606  eV,  and 
thus  this  region  is  not  shown  explicitly  in  Fig.  3a.  An 
increase  in  signal  intensity  was  detected  under  1.510 
eV  excitation,  which  is  22  meV  above  the  monitoring 
energy.  The  data  in  Fig.  3b  was  recorded  with  the 
spectrometer  fixed  at  1.455  eV,  which  is  the  position 
of  the  36  meV  phonon  replica.  Again,  an  increase  in 
signal  intensity  is  observed  for  excitation  at  1.510  eV. 
A  slight  resonance  also  is  seen  at  1.492  eV,  corre¬ 
sponding  to  the  main  PL  line.  In  both  curves  (a)  and 
(b),  there  is  a  decrease  in  signal  intensity  at  1.514  eV. 
The  origin  of  that  decrease  is  not  known  at  this  time. 
The  excitation  spectrum  recorded  with  the  spectrom¬ 
eter  monitoring  a  portion  of  the  broad  A-center  DAP 
band  is  shown  in  Fig.  3c.  In  particular,  the  excitation 
spectrum  in  Fig.  3c  was  taken  while  monitoring  the 
emission  at  1.400  eV.  There  is  clearly  a  resonance 
near  the  shallow  (D°,  h)  energy  at  1.59  eV,  as  expected 
for  DAP  recombination. 

Returning  to  the  question  of  the  origin  of  the  1.491 
eV  emission,  we  note  that  it  is  relatively  sharp  and 
has  a  full-width-at-half-maximum  of  only  5  meV.  Yet 
this  emission  is  relatively  deep,  occurring  at  115  meV 
less  than  the  band  gap  energy.  This  localization 
energy  is  similar  to  that  reported  for  the  (Vcd-2ClTe) 
neutral  defect  complex  observed  in  chlorine-doped 
bulk  CdTe.8  This  neutral  defect  was  described  as  a 
double  deep  acceptor,  and  localization  energies  in  the 
range  from  0.09  to  0. 12  eV  were  obtained  for  different 
chlorine  doping  levels.  Although  we  have  clear  evi¬ 
dence  for  the  singly  ionized  acceptor  (VCd-ITe)  in  the 
heavily  doped  films  included  in  our  study,  the  obser¬ 
vation  of  a  36  meV  localized  mode  associated  with  the 
1.491  eV  PL  strongly  suggests  that  cadmium  vacan¬ 
cies  are  not  playing  a  role. 

In  addition  to  the  iodine  donor  atoms,  our  previous 
work  had  revealed  the  presence  of  cation-site  shallow 
acceptor  impurities,  i.e.  sodium  and/or  lithium.6  Since 
the  acceptor  ionization  energies  associated  with  these 
two  impurities  are  58.7  and  58.0  meV  for  sodium  and 
lithium,  respectively,  it  is  usually  difficult  to  deter¬ 
mine  from  PL  methods  which  of  the  two  impurity 
species  is  present.  However,  if  we  assign  the  1.491  eV 
emission  to  a  neutral  defect  (ACd-ITe),  where  A  repre¬ 
sents  an  acceptor  impurity  species,  we  can  predict  the 
localized  mode  by  invoking  a  simple  linear  diatomic 
chain  model.  Here,  the  force  constant  is  assumed  to  be 
unaltered  from  that  of  the  host  lattice,  since  the  defect 
is  electrically  neutral.  An  increased  vibrational  mode 
frequency  (and  thus  increased  energy)  will  be  pro¬ 
duced  by  a  smaller  cation  impurity  mass  relative  to 
cadmium.  Both  lithium  and  sodium  satisfy  this  condi¬ 
tion.  Iodine  is  close  to  tellurium  in  mass,  and  thus  is 
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expected  to  have  negligible  effect.  The  energy  of  the 
localized  mode,  Eph,  will  depend9  on  the  reduced  mass 
p  according  to  Eph  ~  ^1/p, ,  where  1/p  =  1/MX  +  1/M2. 

and  M2  are  the  cation-site  and  anion-site  masses. 
The  difference  in  mass  between  Na  and  Cd  yields  a 
localized  mode  of  37  meV,  in  excellent  agreement  with 
our  data.  The  localized  mode  associated  with  the 
lithium  impurity  is  too  high  in  energy.  We,  therefore, 
assign  the  1.491  eV  PL  to  associate  donor-acceptor 
pairs,  consisting  of  nearest  neighbor  sodium  and 
iodine  atoms  (NaCd-ITe).  The  bright  PL  at  1.491  eV 
detected  at  liquid  helium  temperatures  then  is  a 
signature  of  unintentional  contamination  with  so- 


Fig.  3.  Excitation  PL  spectra  recorded  (a)  with  spectrometer  set  to 
1 .488  eV,  just  below  the  maximum  of  the  localized  defect  PL,  (b)  with 
spectrometer  set  to  the  localized  mode  at  1 .455  eV,  and  (c)  with 
spectrometer  set  to  1 .400  eV. 


Fig.  4.  Micro-Raman  spectra  at  296K  from  CdTe:l  using  488  nm  line 
from  argon  laser.  Electronic  Raman  scattering  signal  due  to  donors  is 
observed  at  -122  cnr1.  The  TO  phonon  is  also  observed. 
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Fig,  5.  Dependence  of  EPS  intensity  in  CdTe:l  epilayers  on  room- 
temperature  carrier  concentration. 


1  I  II  j  1  j  i  1 

Micro-Raman 

i  i  r  i  |  j  i 

Spectroscopy 

-  CdTe:I 

- 

296  K 

© 

- 

y 

- 

- 

Iodine 

L  1-jJ _ I - ! - ! - 5 

Donor,  122  cm  1 

i  i  mi _ i - 1 — 

1.581  1.582  1.583  1.584  1.585 

ENERGY  (eV) 

Fig.  6.  Selective  excitation  of  two-electron  transitions  associated  with 
different  donors  in  the  CdTe:l  epilayers.  Incident  laser  energy  was  (a) 
1 .59397,  (b)  1 .59360,  and  (c)  1 .59336  eV. 


dium. 

In  addition  to  our  study  of  compensating  centers  in 
iodine-doped  CdTe,  we  have  performed  a  series  of 
experiments  to  more  accurately  determine  the  iodine 
donor  ionization  energy.  Room  temperature  micro- 
Raman  spectroscopy  was  used  to  detect  the  electronic 
Raman  scattering  (ERS)  signal  associated  with  the  ITe 
donor.  A  representative  spectrum  recorded  from  a 
sample  exhibiting  a  room-temperature  carrier  con¬ 
centration  of  3.1  x  1G18  cnr3  is  shown  in  Fig.  4.  The 


backscattering  geometry  used  in  the  micro-Raman 
experiments  favors  detection  of  transverse  modes. 
The  TO  phonon  of  CdTe  is  seen  at  -142  cm"1.  An 
additional  scattering  peak  is  observed  at  122  cm4. 
The  intensity  of  the  emission  band  at  122  cm-1  (15.1 
meV)  depended  on  carrier  concentration  in  heavily 
doped  epilayers,  as  shown  in  Fig.  5.  This  lower  energy 
scattering  signal  is  believed  to  be  related  to  the 
scattering  of  light  by  electrons  on  donor  atoms.  This 
process  usually  involves  electrons  undergoing  transi¬ 
tions  among  bound  states10  and  may  require  cryo¬ 
genic  sample  temperatures  for  detection.  The  width  of 
the  ER3  band  observed  at  296K  from  the  CdTe:X 
epilayers  suggests  the  overlap  from  several  contribut¬ 
ing  levels.  The  peak  position  indicates  the  iodine 
donor  energy  is  larger  than  the  14  meV  hydrogenic 
donor  energy  normally  reported  for  CdTe.  For  ex¬ 
ample,  the  indium  donor  ionization  energy  is  14.1 
meV.4 

We  obtained  further  supporting  evidence  for  a  15 
meV  ionization  energy  for  isolated  iodine  donors  by 
performing  selective  excitation  PL  experiments  on 
lightly  doped  epilayers  at  liquid-helium  tempera¬ 
tures.  These  low-doped  epilayers  (n  =  1014  -  1G15  cm-3) 
were  grown  on  GaAs  substrates.  The  liquid-helium 
PL  spectra  showed  the  free  exciton  emission  to  be 
shifted  upward  in  energy  to  1.5964  eV,  about  1.0  meV 
higher  than  the  bulk  CdTe  value.  The  origin  for  the 
increase  in  recombination  energy  is  elastic  strain  due 
to  the  thermal  and  lattice  mismatch  between  the 
CdTe  and  GaAs. 

The  output  from  a  Ti:sapphire  laser  was  tuned 
through  the  donor-bound  exciton  recombination  re¬ 
gion  of  the  CdTe:I/GaAs  epilayers.  Selective  excita¬ 
tion  of  two-electron  transitions  (TETs)  is  manifested 
by  the  appearance  of  sharp  emission  lines  at  energies 
below  the  bound  exciton  region  given  by  the  donor  Is 
— >  2s  energy  differences.4  Several  distinct  two-elec¬ 
tron  transition  lines  are  observed  as  shown  in  Fig.  6 
for  an  epilayer  with  a  carrier  concentration  of  n  = 
4  x  1014  cm~3.  The  data  in  Fig.  6a  was  recorded  under 
excitation  at  1.59397  eV.  Sharp  emissions  at  1.5836 
and  1.5831  eV  are  produced.  In  Fig.  6b,  excitation  at 
1.59360  eV  results  in  a  more  dominant  emission  at 
1.5831  eV.  The  data  in  Fig.  6c  was  recorded  under 
excitation  at  1.59336  eV,  and  a  third  emission  at 
1.5826  eV  is  produced. 

As  stated  above,  the  PL  recombination  energies 
exhibited  by  the  CdTe:I/GaAs  epilayers  are  -1.0  meV 
higher  than  the  unstrained  bulk  CdTe  values.  To 
relate  the  three  TET  lines  with  donor  impurities,  we 
correct  for  the  elastic-strain  shift  in  excitonic  recom¬ 
bination  energies  by  normalizing  the  free  exciton 
energy.  Thus,  an  amount  of  1.0  meV  is  subtracted 
from  each  of  the  three  resonance  emission  peaks.  The 
TET  resonances  thus  occur  at  1.5826,  1.5821,  and 
1.5816  eV.  These  emission  energies  agree  well  with 
the  values  reported4  for  gallium  (1.58272  eV),  chlo¬ 
rine  (1.58210  eV),  and  an  unknown  donor  (1.58175 
eV).  The  donor  binding  energies  for  gallium  and 
chlorine  are  13.8  and  14.5  meV,  respectively.  The 
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unknown  donor  binding  energy  was  about  14.8  meV. 
The  TET  observed  at  the  lowest  energy  in  the  iodine- 
doped  epilayers  is  related  to  the  iodine  doping,  and 
the  1.5816  eV  peak  position  suggests  a  donor  binding 
energy  of  about  15.0  (±  0.2)  me  V.  The  presence  of  trace 
amounts  of  Ga  and  Cl  atoms,  unintentionally  intro¬ 
duced  during  growth,  can  be  clearly  established.  Gal¬ 
lium  has  diffused  from  the  substrate  into  the  CdTe:I 
epilayers  during  growth.  The  source  for  chlorine  is  the 
tantalum  injectors  used  in  the  gas  source  for  doping. 

SUMMARY 

We  have  identified  the  origin  for  PL  emission  at 
1.491  eV  in  heavily  doped  CdTe:I  as  being  related  to 
an  associate  donor-acceptor  pair  (NaCd  -  ITe).  This 
neutral  defect  exhibits  an  electronic  energy  quite 
distinct  from  the  isolated  NaCd  acceptors  and  ITe  do¬ 
nors.  It  acts  as  a  deep  single  acceptor  with  an  energy 
level  of  115  meV  below  the  conduction  band  and  has 
a  localized  mode  of  36.5  meV. 

In  addition,  we  focused  on  determination  of  the 
iodine  donor  binding  energy.  Room-temperature 
Raman  spectra  revealed  a  peak  at  122  cnr 1  (15.1  meV) 
whose  intensity  depended  on  iodine  doping  level.  We 
associate  this  scattering  signal  with  donor  electrons 
undergoing  transitions  from  the  ground  state  (Is)  to 
excited  states.  To  further  support  a  15  meV  binding 
energy,  we  obtained  two-electron  transition  spectra 
from  lightly  doped  epilayers.  After  accounting  for 
elastic-strain  shifts  in  excitonic  recombination  ener¬ 
gies,  the  iodine  donor  transition  ( Is  2s)  appeared  at 
1.5816  eV.  This  corresponds  to  a  larger  substitutional 
donor  energy  (15.0  ±  0.2  meV)  than  has  been  reported 
for  any  specific  donor  impurity  species  in  CdTe.  Our 
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study  shows  that  the  hydrogenic  donor  energy  for 
anion  sites  is  closer  to  15  meV,  as  compared  with  14 
meV  for  cation-site  donors.  An  unknown  donor  was, 
however,  observed  at  1.5817  eV  in  bulk  CdTe.  It  may 
be  that  the  bulk  samples  were  contaminated  with 
iodine  in  that  earlier  study. 
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INTRODUCTION 

The  importance  of  Hgx  xCdxTe  as  an  infrared  detec¬ 
tor  material  arises  from  the  tailorability  of  the  band 
gap  from  -0.3  eV  for  the  semimetal  HgTe  to  1.6  eV  for 
CdTe.  Also,  electrical  and  optical  properties  of  this 
pseudobinary  compound  enable  realization  of  a  vari¬ 
ety  of  devices  which  make  it  suitable  for  sensing  in  a 
wide  spectral  region  ranging  from  the  visible  to  be¬ 
yond  30  pm.1 

Liquid  phase  epitaxial  growth  (LPE)  of  Hg1_xCdxTe 
which  has  been  in  development  since  the  late  1970s 
has  been  recently  reviewed  by  Astles.2  Specifics  per¬ 
taining  to  Hg  rich  LPE  have  been  summarized  by 
Tung  et  al.3’4  and  Kalisher  et  al.5  Gertner6  has  dis¬ 
cussed  epitaxial  growth  of  HglxCdxTe  including  liq¬ 
uid  phase  epitaxy,  vapor  phase  epitaxy,  molecular 
beam  epitaxy  and  electro  epitaxy.  A  historical  per¬ 
spective  of  liquid  phase  epitaxy  is  presented  in  great 
detail  in  Ref.  5.  Rather  than  repeat  the  subject  matter 
presented  in  these  excellent  papers,1-6  we  defer  the 
reader  to  them.  Although  for  the  sake  of  completeness 
and  self-containment,  it  is  impossible  to  avoid  repeti¬ 
tion  of  some  of  the  subject  matter  already  presented 
in  these  earlier  publications,  we  hope  the  reader  will 
benefit  from  discussion  of  certain  technical  details 
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which  we  present  in  this  paper  and  which  have  not 
been  covered  earlier. 

In  this  paper,  we  shall  begin  with  a  brief  discussion 
of  the  relevant  phase  diagram  details  followed  by  the 
description  of  the  LPE  growth  techniques  currently  in 
practice.  Next,  we  shall  discuss  the  state-of-the-art 
characteristics  of  the  Hgx  xCdxTe  epitaxial  material 
which  is  attainable  with  LPE.  Because  of  the  impor¬ 
tance  of  multiple  layer  heterostructure  devices  and 
external  p-type  doping,  differences  in  the  incorpora¬ 
tion  mechanisms  of  group  V  dopants  for  growths  from 
Hg  and  Te-rich  LPE  growths  will  be  presented.  Re¬ 
cent  diffusion  work  on  arsenic  doped  Hgl  xCdxTe  will 
also  be  covered.  The  status  of  the  LPE  photodiode 
technology  will  be  briefly  reviewed.  Finally,  areas  of 
additional  research  which  are  needed  to  push  the  LPE 
technology  further  will  be  discussed;  the  discussion 
will  include  mention  of  research  on  silicon  based 
alternate  substrates,  minimization  of  Te  precipitates 
and  dislocation  density  in  the  epitaxial  layers  and 
heterostructure  interfaces,  and  finally  we  present 
some  thoughts  on  the  origin  of  the  native  defect 
related  Shockley-Read  centers  in  Hgl  xCdxTe  and  pos¬ 
sible  annealing  conditions  to  minimize  them. 

PHASE  DIAGRAM  DATA 

Epitaxial  growth  of  solid  Hgx  xCdxTe  from  liquid 
solutions  can  be  accomplished  from  metal-rich,  Te- 
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rich,  and  pseudobinary  solutions.  As  shown  in  Fig.  1, 
for  growths  from  pseudobinary  solutions,  the  Te  con¬ 
centration  is  fixed  at  50%  (Fig.  la).7  Hence  epitaxial 
growths  ofHg^CdTe  solids  of  compositions  say  x  = 


0.2,  0.4,  and  0.8,  can  be  accomplished  from  pseudo¬ 
binary  solutions  only  at  certain  fixed  temperatures, 
whereas,  these  same  growths  can  be  accomplished 
from  ternary  solutions  at  various  temperatures  and 
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liquidus  compositions.  Figure  lb  shows  the  com¬ 
positions  of  the  metal-rich  and  Te-rich  ternary  liquid 
solutions  in  equilibrium  with  Hgx  xCdxTe  solids  of 
compositions  x  =  0.2,  0.4  and  0.8  at  T  ~  500°C. 
Growths  from  ternary  metal-rich  and  Te-rich  solu¬ 
tions  can  be  carried  out  at  other  temperatures  also. 
Figures  2  to  3  show  the  phase  diagram  data  taken 
from  a  recent  review  paper  by  Yu  and  Brebrick.8 
Astles2  provides  an  excellent  list  of  all  the  references 
to  the  experimental  data  and  theoretical  calculations 
for  the  phase  diagram  issues  in  the  Hg-Cd-Te  system. 
Figure  2  shows  the  liquidus  isotherms  and  solid 
solution  iso  concentration  lines  in  the  Hg-rich  and  Te- 
rich  corners  at  various  temperatures.  As  can  be  noted 
from  the  figure,  HglxCdxTe  solid  of  composition  x  = 
0.2  can  be  grown  at  T  =  450°C  from  a  Hg-rich  solution 
containing  Cd  and  Te  corresponding  to  mole  fractions 
XCd  =  Hh4  and  XTe=  0.06  or  from  a  Te-rich  solution 
containing  Hg  and  Cd  with  XHg  =  0. 15  and  XCd  =  0.006. 
Also  evident  is  the  fact  that  almost  pure  CdTe(s) 
grows  out  of  very  Hg-rich  liquids. 

Figure  3  shows  the  partial  pressures  of  Hg,  Cd,  and 
Te2  along  the  three  phase  curves  for  various 
Hgl  xCdxTe  solids  in  equilibrium  with  liquid  and  va¬ 
por.  At  any  particular  temperature,  the  Hgl  xCdxTe 
solid  coexists  with  the  vapor  comprising  the  constitu¬ 
ent  elements  Hg,  Cd,  and  Te2  between  the  limits  of 
partial  pressure  of  Hg,  Cd,  and  Te2  indicated  in  Fig.  3. 
As  can  be  seen  from  the  figure,  Hg  is  the  predominant 
vapor  species  for  almost  all  compositions  of 
Hgl  xCdxTe  even  under  Te-saturated  solid  solutions. 
Data  presented  in  Fig.  3  are  very  essential  to  design 
any  annealing  experiments  where  the  formation  of  a 
second  phase  is  to  be  avoided. 

LPE  GROWTH  TECHNIQUES 

The  basic  principle  underlying  the  growth  of 
Hgl  xCdxTe  solid  from  a  Hg-rich  or  Te-rich  solution  is 
similar  to  that  of  growth  of  salt  crystals  from  a 
saturated  saline  solution.  Initially,  a  saturated  solu¬ 


tion  of  Hg  and  Cd  dissolved  in  liquid  Te  (in  the  case  of 
Te-rich  LPE)  or  that  of  Cd  and  Te  dissolved  in  liquid 
Hg  (in  the  case  of  Hg-rich  LPE)  is  prepared  at  a 
temperature  T.  This  solution  is  then  brought  in  con¬ 
tact  with  a  substrate  such  as  CdTe  or  (Cd,Zn)Te.  The 
temperature  is  then  lowered  to  T  -  AT  so  that  Hg,  Cd, 
and  Te  precipitate  out  of  the  growth  solution  onto  the 
substrate.  Next,  the  growth  solution  is  removed  leav¬ 
ing  a  thin  crystalline  film  of  Hgl  xCdxTe  on  the  sub¬ 
strate.  The  task  of  bringing  the  growth  solution  and 
substrate  into  contact  can  be  accomplished  via  tip¬ 
ping,  dipping,  and  horizontal  sliding  techniques. 

In  the  tipping  technique,  the  growth  solution  and 
the  substrate  are  held  in  a  graphite  boat.  Initially,  the 
boat  is  inclined  to  keep  the  growth  solution  and  the 
substrate  separate.  The  boat  is  then  tipped  to  flow  the 
growth  solution  over  the  substrate  for  film  deposition. 
After  the  growth,  the  boat  is  tipped  again  to  separate 
the  substrate  with  the  film  of  Hgd  xCdxTe,  from  the 
growth  solution. 

In  the  dipping  technique,  prior  to  the  initiation  of 
growth,  the  substrate  is  held  above  the  growth  so¬ 
lution.  The  substrate  is  then  dipped  into  the  growth 
solution  for  Hgd  xCdxTe  film  deposition.  After  the  film 
deposition,  the  substrate  with  the  film  is  removed 
from  the  growth  solution. 

In  the  horizontal  sliding  technique,  the  substrate  is 
held  in  a  stator  while  the  growth  solution  is  held  in  a 
slider.  To  initiate  the  growth  of  the  film,  the  slider  is 
moved  horizontally  to  position  the  growth  solution 
over  the  substrate.  After  the  growth  of  the  Hg1_xCdxTe 
film,  the  slider  is  moved  again  horizontally  to  sepa¬ 
rate  the  growth  solution  from  the  substrate  with  the 
epitaxial  film  on  top  of  it. 

Because  of  the  low  solubility  of  Cd  and  Te  in  Hg 
solutions,  liquid  phase  epitaxial  growths  from  Hg- 
rich  solutions  require  a  large  quantity  of  growth 
solution.  Hence,  Hg-rich  LPE  is  restricted  to  growths 
via  the  dippingtechnique,  whereas  Te-rich  LPE  growth 
can  be  accomplished  via  any  of  the  three  techniques 
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Arsenic  Concentration,  cm*3 

Fig.  4.  Expected  defect  concentrations  as  a  function  of  arsenic 
concentration  at  T  =  450°C  under  Hg-saturated  conditiions  for 
Hg03Cd02Te. 

mentioned  above.  Because  of  the  higher  Hg  pressures 
involved,  growths  from  Hg-rich  solutions  need  pres¬ 
surized  growth  chambers  with  load  locks.4  It  should 
be  noted  that  in  situ,  multilayer  heterostructure 
growth  can  be  more  easily  accomplished  in  the  slider 
technique9’10  than  in  the  vertical  dipping  technique. 

For  LPE  growths  from  Te-rich  solutions  at  450  to 
500°C,  the  Hg  pressure  over  the  growth  solution 
would  be  a  few  tenths  of  an  atmosphere.  In  the 
vertical  dipping  system,  loss  of  Hg  from  the  growth 
solution  is  suppressed  by  providing  Fig  vapor  over  the 
growth  solution  with  a  Hg  reservoir  source  kept  at  a 
lower  temperature.11 

In  the  horizontal  slider  technique  such  a  Hg  reser¬ 
voir  has  been  used  by  some  researchers9  whereas 
others10  have  reported  using  a  HgTe  reservoir  kept 
close  to  the  growth  solution  and  In  communication 
with  it  in  the  slider  boat. 

Review  by  Astles2  provides  a  complete  list  of  refer¬ 
ences  on  the  various  LPE  growth  techniques  de¬ 
scribed  above. 

MATERIAL  CHARACTERISTICS 

In  the  last  decade,  outstanding  progress  has  been 
achieved  in  the  LPE  growth  of  large  area,  device 
quality  Hgl  xCdxTe  material.  For  LPE  growth  from 
Hg-rich  growth  solutions,  Tung  et  al.3  have  reported 
growths  of  films  larger  than  32  cm2  in  area  with 


compositional  uniformity  of  x  -  0.2093  ±  0.0006, 
thickness  uniformity  of  17.9  ±  0.4  pm  and  composi¬ 
tional  grading  Ax/At  =  0.0018  ±  0.0001/pm;  up  to  four 
of  these  films  (~12Q  cm2)  can  be  grown  in  a  single 
growth  run.  Comparable  compositional  uniformity 
and  compositional  grading  minimization  have  also 
been  reported  for  growths  from  Te-rich  solutions. 
Colombo  and  Westphal12  have  reported  Te-rich  LPE 
growths  of  Hg2 _xCdxTe  films  in  excess  of  54  cm2  area 
with  x  =  0.2162  ±  0.0007  and  t  =  65  ±  3  pm  over  such 
large  film  areas.  Edwall13  has  reported  x  =  0.447  ± 
0.002  and  t  =  13  ±  1.6  pm  over  44  cm2  area  Hgx  xCdxTe 
films  grown  from  Te-rich  solutions  on  sapphire  sub¬ 
strates  with  a  layer  of  CdTe  grown  by  metalorganic 
chemical  vapor  deposition  (MOCVD)  technique.  Pultz14 
has  reported  Te-rich  LPE  growth  of  Hg^Cd^e  with 
x  =  0.169  ±  0.003  over  24  cm2  film  areas.  Composi¬ 
tional  uniformity  of  x  =  0.2285  ±  0.0005  and  thickness 
uniformity  of  t  =  12.3  ±  1.3  pm  over  6  cm2  areas  have 
been  reported  by  Edwall13  for  Te-rich  growths  on 
( Cd,Zn)Te  substrates  using  the  horizontal  slider  tech¬ 
nique.  Absence  of  capability  to  stir  the  growth  solu¬ 
tion  in  a  slider  boat  appears  to  give  poorer  film 
thickness  uniformity  compared  to  that  obtained  in 
the  dipping  technique. 

Very  good  control  of  n-type  doping  has  also  been 
reported  for  both  Hg-rich  and  Te-rich  LPE  growths. 
Near  100%  donor  efficiency  has  been  reported  for 
indium  concentrations  of  up  to  IQ17  cm-3.4’15  This 
result  is  not  surprising  since  the  intrinsic  carrier 
concentration  is  on  the  order  of  1018  cm43 16  at  T  =  450 
to  500°C  and  only  when  indium  exceeds  that  concen¬ 
tration  will  the  indium  begin  to  get  compensated  by 
Hg  vacancies  V"sand  indium-Flg  vacancy  (InHgVHg)' 
pairs.17  For  growths  from  Te-rich  solutions,  Colombo 
et  al.15  have  reported  excellent  reproducibility  of  in¬ 
dium  doping  with  average  concentration  of  5.1  ± 
1.9  x  1014  cm~3  and  average  electron  mobility  of  1.33  ± 
0.38  x  105  cm2/vs  at  77Kfor  a  cut  off  wavelength  of  9.86 
±  0.35  pm.  Vydyanath  et  al.18  have  been  able  to  get 
reproducibility  of  indium  doping  concentrations  of  6  ± 
1.5  x  1014  cnr3  in  nearly  a  hundred  sequentially  grown 
films  with  average  electron  mobility  of  1.5  ±  0.5  x  105 
cm2/vs  for  a  cut  off  wavelength  of  Xco  =  10  pm  ±0.5  pm. 

Crystalline  quality  of  films  grown  from  both  Te-rich 
and  Hg-rich  solutions  has  been  found  to  be  very  good. 
For  Hg-rich  LPE  growth,  Kalisher  et  al.5  have  re¬ 
ported  x-ray  rocking  curve  FWHM  less  than  40  arc-s 
on  the  average  (silicon  four- crystal  monochromator, 
beam  size  =  lx  7.5  mm2)  over  a  film  area  of  30  cm2. 
They  also  reported  EPD  in  the  films  to  be  the  same  as 
that  of  the  lattice  matched  CdZnTe  substrate  -3  x  105 
cm2.  For  Te-rich  LPE  growths,  Colombo  and  Liao19 
have  reported  etch  pit  density  ranging  from  5  x  104  to 
2  x  105  cm-2.  Also  for  Te-rich  LPE  growths,  Edwall13 
has  reported  EPD  of  3  x  104  to  5  x  IQ5  cm"2. 

Auger  limited  carrier  lifetime  has  been  reported  in 
n-type  Hgl  xCdxTe  material  (for  n  >5  x  1014  cm-3) 
grown  from  both  Te-rich  and  Hg-rich  solutions.  For 
growths  from  Te-rich  solutions,  Reine  et  al.,20  Chen 
and  Colombo21  and  Edwall13  report  carrier  lifetimes  in 
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excess  of  1  ps  at  T  =  77Kfor  x  =  0.21  to  0.24  and  n  ~  1015 
cm-3. 

In  general,  for  growths  from  both  Te-rich  and  Hg- 
rich  solutions,  carrier  lifetime  in  intentionally  doped 
p-type  material  has  been  found  to  be  higher  than  that 
in  vacancy  doped  material.22  For  Hg-rich  growths, 
Tung  et  al.3  have  reported  radiative  limited  carrier 
lifetime  in  arsenic  doped  x  =  0.3  material.  It  has  been 
argued  by  this  group  of  researchers4’5  that  the  arsenic 
doping  in  their  material  improves  the  carrier  lifetime 
because  of  the  reduction  of  native  acceptor  defects 
through  the  mass  action  effect.  Intrinsic  carrier  con¬ 
centration  in  x  =  0.2  material  is  on  the  order  of  3  x  1018 
cnr3  16  at  a  temperature  of  450°C  ~  close  to  the 
temperature  of  LPE  growth  from  Hg-rich  solutions 
and  only  when  the  arsenic  concentration  is  in  excess 
of  3  x  1018  cnr3  will  the  crystals  become  extrinsic.  Only 
after  the  crystals  become  extrinsic,  the  Hg  vacancy 
concentration  decreases  with  increasing  arsenic  con¬ 
centration  proportional  to  [As]~2(Fig.  4).  Although  the 
intrinsic  carrier  concentration  for  x  =  0.3  material  at 
T  =  450°C  is  not  known,  for  the  reduction  of  Hg 
vacancies  via  the  mass  action  effect,  the  intrinsic 
carrier  concentration  has  to  be  less  than  1017  cm-3  at 
T  =  450°C.  We  conjecture  that  the  increase  in  carrier 
lifetime  due  to  arsenic  doping  in  their  crystals4’5  on 
the  order  of  1017  cm-3  and  less  may  not  be  because  of 
the  reduction  in  the  concentration  of  Hg  vacancies  via 
the  mass  action  effect,  but  simply  because  of  the 
reduction  of  all  native  defects  includng  Hg  vacancies 
subsequent  to  a  low  temperature  Hg-rich  anneal  after 
crystal  growth. 

DEFECT  ANNEALING  BEHAVIOR 
OF  LPE  FILMS 

In  principle,  point  defects  may  be  generated  at  the 
interface  of  the  HglxCdxTe  epitaxial  layer  and  the 
substrate  because  of  interdiffusion  effects  and  be¬ 
cause  of  the  presence  of  misfit  dislocations  at  the 
interface  which  upon  climb  can  act  as  sources  and 
sinks  of  point  defects.  Thus,  it  is  fruitful  to  examine  if 
the  annealing  behavior  of  LPE  grown  Hgx  xCdxTe  is 
different  from  that  of  bulk  grown  material. 

Figure  5  shows  the  77K  hole  concentration  in  unin¬ 
tentionally  doped  Hgx  xCdxTe  crystals  as  a  function  of 
the  partial  pressure  of  Hg  for  temperatures  ranging 
from  150  to  655°C.  The  hole  concentration  in  the 
crystals  is  assumed  to  arise  from  the  native  acceptor 
defects  incorporated  in  the  material  at  the  tempera¬ 
ture  of  equilibration.16’23  The  experimental  data  shown 
in  the  figure  for  temperatures  of  400°C  and  higher 
have  been  taken  from  bulk  crystals  and  the  data  for 
temperatures  of  equilibration  of  400°C  and  lower 
have  been  gathered  from  LPE  films  grown  from  Te- 
rich  solutions.  The  solid  lines  in  the  figure  correspond 
to  calculations  assuming  values  of  mass  action  con¬ 
stants  for  the  intrinsic  excitation  and  for  the  process 
of  a  Hg  atom  leaving  the  lattice  to  go  into  the  vapor 
along  with  creation  of  a  doubly  ionized  Hg  vacancy 
and  release  of  two  holes  to  the  valence  band. 16  The  fact 
that  a  single  set  of  these  mass  action  constants  can 


explain  the  annealing  data  for  LPE  films  at  T  <  400°C 
and  for  bulk  crystals  at  T  >400°C  attests  to  the  fact 
that  the  annealing  behavior  of  LPE  films  is  essen¬ 
tially  similar  to  that  of  bulk  grown  crystals.  Obvi¬ 
ously,  results  shown  in  Fig.  5  appear  to  indicate  that 
interdiffusion  effects  occurring  in  the  epitaxial  layers 
do  not  affect  the  carrier  concentration  at  levels  of  1015 
cnr3  or  higher. 

INCORPORATION  OF  GROUP  V  ELEMENT 
ACCEPTOR  DOPANTS  FOR  GROWTHS 
FROM  Hg-RICH  AND  Te-RICH  SOLUTIONS 

Replacement  of  native  acceptor  defect  doping  with 
external  acceptor  dopants  from  group  I  or  group  V  has 
been  of  much  interest24  because  these  dopants  may  be 
expected  to  be  single  acceptors  with  only  one  energy 
level  in  the  forbidden  gap,  close  to  the  valence  band 
edge  whereas  the  native  acceptor  defects  in 
Hg2  xCdxTe  are  doubly  ionized  and  the  second  level 
could  lie  close  to  the  middle  of  the  gap  and  be  a 
potential  source  of  Shockley-Read  type  recombina¬ 
tion  centers.  Thus,  Hg^Cd^Te  doped  with  external  p- 
type  dopants  which  are  only  singly  ionized  and  whose 
levels  lie  close  to  the  valence  band  edge,  when  pre¬ 
pared  under  conditions  such  that  the  concentration  of 
the  native  defects  is  reduced  to  a  minimum,  may 
indeed  have  far  fewer  Shockley-Read  type  centers 
than  the  crystal  doped  with  native  defects. 

P-type  doping  with  group  I  or  group  V  elements  is 
also  essential  in  the  fabrication  of  high  performance 
p-on-n  photodiodes  in  multilayer  heterostructures.25"33 
The  only  way  one  can  fabricate  them  is  with  the  use 
of  an  external  acceptor  dopant  in  the  wider  band  gap 
layer  and  a  donor  dopant  in  the  optically  active  base 
layer  and  to  reduce  the  native  acceptor  defect  concen¬ 
tration  to  well  below  the  concentration  of  the  dopants. 
Group  I  elements  are  expected  to  be  fast  diffusers  in 
Hgx  xCdxTe  and  may  result  in  p-n  junctions  that  are 
not  stable  over  long  periods  of  time.  On  the  other 
hand,  the  large  size  of  the  group  V  elements  and  hence 
the  low  diffusivity  of  these  elements  are  expected  to 
result  in  stable  and  well  controlled  p-n  junctions. 

It  is  for  the  reasons  cited  above  that  it  is  important 
to  understand  the  incorporation  of  group  V  dopants 
during  LPE  growths  from  Te-rich  and  Hg-rich  solu- 


Partial  Pressure  Ol  Hg,  Atmos. 

Fig.  5.  Comparison  of  defect  anneal  results  for  bulk  grown  Hg0  8Cd0  2Te 
crystals  with  those  grown  from  Te-rich  solutions  (Ref.  23). 
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Table  I.  Electrical  Data  Showing  Evidence  of  the  Amphoteric  Behavior  of  Group  ¥  Dopants  in 
Hg0  7Cd0  sTe  Films  Grown  from  Te-Rieh  Solutions34 


200°C  Hg-Satiirated  Anneal  with  a 

Dopant  and  200°C  Hg- Saturated  Anneal  500°C  Hg-Saturated  Preanneal 


Cone,  in  the  Te-  77K  77K 


Film 

No. 

Comp. 

Rich  Growth 
Solution,  At.% 

1  Na-Nd  i  cm-3 
(Variable  Temp  Ry) 

Hall  Mobility 
cmWs 

3  Na-Nd  1  cm -3 
(Variable  Temp  R^ 

Hall  Mobility 
cmWs 

109 

0.31 

P,  0.8 

4  x  1016  p  type 

186 

133 

0.30 

P,  0.09 

1.7  x  1015  n  type 

3.3  x  104 

1  x  1016  p  type 

111 

134 

0.30 

P,  0.2 

2  x  1015  p  type 

328 

4  x  10 16  p  type 

210 

100 

0.29 

As,  1 

1.5  x  1014  n  type 

1.8  xlO3 

4.4  x  10 15  p  type 

176 

121 

0.31 

As,  10 

6  x  1014  n  type 

1.4  x  104 

1.2  x  1017  p  type 

292 

103 

0.30 

Sb,  0.7 

2  x  1013  n  type 

1.2  x  104 

4.5  x  10 14  n  type 

3.7  x  103 

117 

0.30 

Sb,  1.0 

1.6  x  1015  p  type 

172 

1  x  1016 

304 

118 

0.33 

Sb,  10.0 

4  x  1014  n  type 

3.6  x  103 

1.3  x  IQ17  p  type 

196 

107 

0.29 

Bi,  0.95 

7  x  1014  n  type 

4.4  x  104 

6  x  1014  n  type 

2.2  x  104 

132 

0.27 

Bi,  8.7 

1  x  1016  n  type 

2.2  x  104 

1.6  x  1015  n  type 

7.8  x  104 

146 

0.24 

Bi,  0.006 

2  x  1015  n  type 

7.3  x  104 

1  x  10 15  n  type 

4.5  x  104 

147 

0.28 

Bi,  0.06 

1.6  x  1015  n  type 

4.2  x  104 

9  x  104  n  type 

3.4  xlO4 

For  growths  from  Hg-rich  solutions  near  100% 
acceptor  efficiency  has  been  established  for  arsenic 
concentrations  of  up  to  high  IQ17  cm-3.3  From  a  de¬ 
tailed  study  of  the  mechanisms  of  incorporation  and 
behavior  of  group  V  dopants  for  growths  from  Te-rich 
solutions,  Vydyanath  et  al., 34-36  inferred  that  all  the 
films  doped  with  group  V  elements  were  n-type  after 
a  250°C  Hg-rich  anneal  subsequent  to  growth.  How¬ 
ever,  these  films  when  subjected  to  a  high  tempera¬ 
ture  preanneal  at  500°C  under  Hg-saturated  condi¬ 
tions  followed  by  a  250°C  anneal  under  Hg-saturated 
conditions  showed  conversion  from  n-type  to  p-type. 
(Table  I).  This  result  led  them  to  conclude  that  the 
group  V  dopants  behave  amphoterically  in  epitaxial 
Hg^Cd^Te  grown  from  Te-rich  solutions.  They  ar¬ 
gued  that  the  group  V  elements  P,  As,  Sb,  and  Bi  are 
incorporated  as  donors  (PHg,  AsHg,3bH<,,BiHg)  under 
Te-rich  (or  Hg-deficient)  conditions  of  growth.  Be¬ 
cause  of  the  low  diffusivity  of  these  elements,  subse¬ 
quent  anneal  at  200°C  under  Hg-rich  conditions  only 
decreases  the  concentration  of  the  native  acceptor 
detects  without  moving  these  group  V  atoms  from  the 
Hg  lattice  sites  to  Te  lattice  sites.  Under  conditions  of 
anneal  at  500°C  under  Hg-saturated  conditions,  they 
argued  that  there  was  enough  thermal  energy  for  the 
transfer  of  the  group  V  elements  from  Hg  lattice  sites 
to  Te  or  interstitial  lattice  sites  where  they  act  as 
acceptors.  The  relevant  site  transfer  reactions  and 
corresponding  mass  action  constants  are: 

DHg  +  2Hg(g)  -4  D;  +  2h  +  2Hg>g  (1) 
D  =  P,  As,  Sb,  or  Bi 


K„ 


KM 

DHg  ]?Hg 


(2) 


DHg  +  Hg(g)  — >  D'  +  2h  +  Hg^g  (3) 

D  =  P,  As,  Sb,  or  Bi 


K 


d-d; 


KM 

(^Hg)PHg 


(4) 


The  inability  to  convert  Bi-doped  films  to  p-type 
even  with  a  500°C  Hg-saturated  preanneal  (Table  I) 
was  argued  to  be  due  either  to  the  very  low  diffu¬ 
sivity — lower  than  that  of  P,  As,  and  Sb — or  to  the 
much  lower  values  of  the  equilibrium  constants 
KDk  ?  or  Kd-^d;  for  the  site  transfer  of  Bi  compared 
to  the  values  of  these  same  constants  for  P,  As,  and  Sb. 

Finally,  the  distribution  coefficients  of  the  group  V 
elements  for  growths  from  Te-rich  solutions  were 
evaluated  and  are  shown  in  Fig.  6  along  with  the  data 
for  growths  from  Hg  rich37  and  pseudobinary  solu¬ 
tions.38  From  the  results  shown  in  the  figure,  it  can  be 
noted  that  the  distribution  coefficient  of  group  V 
elements  for  growth  from  Te-rich  solutions  is  orders  of 
magnitude  lower  than  that  for  growths  from  Hg-rich 
solutions.  This  difference  was  attributed  by Vydyanath 
et  al.34  to  the  activity  coefficient  of  the  group  V  ele¬ 
ments  being  orders  of  magnitude  lower  in  Te-rich 
solutions  than  in  Hg-rich  solutions. 

Amphoteric  behavior  of  arsenic  in  LPE  grown 
Hgx  xCdxTe  also  finds  support  from  the  diffusion  work 
of  Chandra  et  al.39  and  Bubulac  et  al.40  Chandra  et  al.39 
found  the  diffusion  coefficient  of  arsenic  to  increase 
with  decreasing  Hg  pressure  providing  evidence  for 
movement  of  arsenic  via  Hg  lattice  sites.  Shaw41  has 
analyzed  the  diffusion  data  for  arsenic  in  HglxCdxTe 
and  has  calculated  the  ratios  of  the  concentration  of 
arsenic  donors  occupying  metal  lattice  sites  to  that  of 
arsenic  acceptors  occupying  Te  lattice  sites  (Fig.  7). 
Shaw's  analysis  also  confirms  our  earlier  findings  of 
the  amphoteric  behavior  of  arsenic34-36  and  the  intrin¬ 
sic  behavior  of  Hg0  8Cd0  2Te16’23>35at  T  >  350°C  and 
dopant  concentrations  <  mid  1018  cm-3.  Analysis  of 
this  type  is  extremely  useful  for  the  fabrication  of  p- 
n  junctions  with  optimum  characteristics  using  ar¬ 
senic  as  a  dopant  in  HglxCdxTe. 


Status  of  Te-Rich  and  Hg-Rich  LPE  Technologies 
for  the  Growth  of  (Hg,Cd)Te  Alloys 


LPE  Hg,  Cd  Te  DEVICE  TECHNOLOGY 
STATUS 

Hg,  xCdxTe  LPE  technology  has  matured  to  a  stage 
of  production.  Mosaic  arrays  with  pixel  densities  as 
large  as  1024  x  1024  have  been  reported  in  short 
wavelength  infrared  (SWIR)  (Hg,Cd)Te  grown  on 
sapphire  substrates  from  Te-rich  solutions;42  this 
technology  has  also  demonstrated  mid  wavelength 
infrared  (MWIR)  arrays  with  pixel  densities  as  large 
as  640  x  480. 43  Pixel  densities  as  large  as  480  x  640 
have  been  reported  in  LPE  long  wavelength  infrared 
(LWIR)  (Hg,Cd)Te  grown  from  Hg-rich  solutions.3 
Mosaic  arrays  with  pixel  densities  ranging  from 
128  x  128  to  256  x  256  are  routinely  produced  in  both 
Hg-rich  and  Te-rich  LPE  grown  structures  in  all 
spectral  bands  ranging  from  SWIR  to  LWIR  regions.44-51 
Very  long  wavelength  HgCdTe  detectors  with  cut  off 
wavelengths  in  excess  of  18pm  have  been  demon¬ 
strated.52-55  Work  cited  in  Refs.  26,  3,  45,  and  53 
attests  to  the  production  readiness  of  the  multiple 
layer  heterostructure  photodiode  technology  from  Hg- 
rich  and  Te-rich  LPE  technologies. 

Triple  layer  heterostructures  with  capability  to 
produce  dual  band  detector  arrays  which  are  sen¬ 
sitive  in  both  mid  wave  and  long  wave  bands  have 
been  developed  using  Hg-rich  LPE.3’56 

LPE  technology  as  its  state-of-the-art  currently 
stands,  can  satisfy  requirements  for  most  technology 
applications  where  device  operation  at  T  >  77K  is 
needed. 

AREAS  OF  ONGOING  RESEARCH 

Although  LPE  Hg,_xCdxTe  technology  is  currently 
capable  of  providing  large  density  arrays  with  perfor¬ 
mance  uniformity  and  operability  in  excess  of  90%, 
more  work  is  needed  to  push  these  limits  of  perfor¬ 
mance  and  operability  to  near  100%.  A  significantly 
larger  fraction  of  work  is  also  needed  in  pushing  the 
state-of-the-art  in  the  performance  uniformity  and 
operability  for  operation  at  lower  and  lower  tempera¬ 
tures  for  sensing  and  detection  under  conditions  of 
significantly  lower  background  photon  fluxes.  Im¬ 
provements  are  needed  in  the  material  technology  to 
increase  the  device  performance  at  temperatures 
where  devices  become  limited  by  generation-recombi¬ 
nation  (g-r)  centers  and  tunneling  centers.  To  in¬ 
crease  the  performance  of  the  devices  to  near  diffu¬ 
sion  current  limited  values  in  the  multilayer 
heterostructures,  improvements  in  the  following  criti¬ 
cal  areas  are  needed: 

®  Minimized  heterostructure  interface  dislocation 
density. 

@  Minimized  extraneous  impurities  and  pre¬ 
cipitates  in  bulk  and  at  heterostructure  inter¬ 
face. 

®  Improved  substrate  crystalline  quality. 

©  Minimized  undesirable  native  defects  in  bulk 
and  heterostructure  interfaces. 

Liquid  phase  epitaxial  growth  of  (Hg,Cd)Te  on  an 
alternate  substrate  such  as  silicon  is  another  area  of 
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important  research.  Difference  in  the  thermal  coeffi¬ 
cient  of  expansion  between  HgCdTe  and  silicon  is  a 
source  of  problem  for  large  density,  large  area  indium 
bump  bonded  hybrids  of  HgCdTe  devices  and  silicon 
readout  chips  particularly  when  these  hybrids  have 
to  be  thermally  cycled.  It  is  believed  that  this  problem 
can  be  circumvented  by  growing  HgCdTe  directly  on 
silicon  and  hybridizing  to  silicon  readout  chips.  This 
would  also  make  it  possible  to  fabricate  much  larger 
area  HgCdTe  device  arrays  because  of  the  commercial 
availability  of  very  large  area  defect  free  silicon  sub¬ 
strates.  In  fact,  an  LWIR  HgCdTe  mosaic  array  in  a 
480  x  640  format  has  already  been  demonstrated  in 
LPE  material  grown  from  Hg-rich  solutions.45 

Using  metalorganic  chemical  vapor  deposition  tech¬ 
niques,  Kalisher  et  al.5  have  grown  a  thin  layer  of 
CdZnTe — on  commercially  available  GaAs/Si  wafers — 
subsequent  to  which,  an  LPE  HgCdTe  layer  has  been 
grown  from  Hg-rich  solutions.  Research  is  continuing 


Fig.  6.  Distribution  coefficient  data  for  group  V  dopants  for  growths 
from  Hg-rich,  Te-rich,  and  pseudobinary  growths  (Ref.  34). 


partial  pressure  of  Hg,  pHg 

Fig.  7.  Calculated  ratio  of  the  concentration  of  arsenic  donors  (AsHg )  and 
arsenic  acceptors  (As'J  as  a  function  of  temperature  and  partial 
pressure  of  Hg  (Ref.  41). 
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rig.  8.  Demonstration  of  improved  R0A  performance  uniformity  in  devices  fabricated  in  Hg^CdJe  films  grown  on  annealed  (Cd,Zn)Te  substrates 
with  no  Te  precipitates  (Ref.  61). 


in  this  area  in  an  attempt  to  reduce  the  defect  density 
in  silicon  based  alternate  substrates. 

Minimization  of  Heterostructure  Interface 
Dislocation  Density 

There  is  ample  evidence  in  literature  showing  cor¬ 
relation  of  dislocation  density  in  Hg1xCdxTe  epitaxial 
layers  with  that  of  substrates  on  which  these  layers 
are  grown.  Takigawa  et  al.37  have  shown  near  one-to- 
one  correlation  of  etch  pit  density  ranging  from  <1G5 
cm-2  to  near  107  cm-2  of  the  epitaxial  layers  with  that 
of  the  CdTe  and  CclZnTe  substrates.  Chandra  et  al.58 
have  also  reported  such  a  correlation. 

Takigawa  et  al.57  have  also  shown  correlation  of 
etch  pit  density  with  compositional  gradient  of  the 
heterostructure  interface  with  higher  dislocation  den¬ 
sity  in  the  epitaxial  layers  with  higher  compositional 
grading.  Also  etch  pit  density  variations  as  a  function 
of  distance  from  interface  indicate  the  highest  density 
at  the  interface  going  up  to  108  cm-2  and  dropping  to 
low  to  mid  105  cm-2  a  few  microns  on  either  side  of  the 
interface.  Lattice  matched  CdZnTe  substrate  has 
yielded  the  lowest  densities  of  dislocations  at  the 
heterostructure  interface.57 

Minimization  of  Te  Precipitates  in  Substrates 
and  Epitaxial  Layers 

Wada  and  Suzuki59  have  reported  on  the  direct 
correlation  of  etch  pit  density  in  the  substrates  with 
density  of  Te  precipitates. 

Vydyanath  et  al.60’61  have  developed  a  step  an¬ 
nealing  procedure  which  minimizes  the  density  of  Te 
precipitates  in  CdTe  and  CdZnTe  substrates.  They 
have  also  identified  thermomigration  of  liquid  Te 
precipitates  in  a  temperature  gradient  where  these 


precipitates  move  to  a  region  of  higher  temperature 
as  the  principally  operative  mechanism  responsible 
for  the  annihilation  of  the  precipitates.  They  have 
demonstrated  correlation  of  the  presence  of  Te  pre¬ 
cipitates  in  epitaxial  layers  with  that  in  substrates. 
Using  the  step  annealing  recipe  they  have  demon¬ 
strated  reduction  of  Te  precipitates  in  substrates  and 
epitaxial  layers. 

Finally,  they  have  demonstrated  improved  device 
performance  uniformity  at  40K  by  reducing  Te  pre¬ 
cipitates  in  epitaxial  layers  (Fig.  8).  Their  wTork61 
suggests  that  Te  precipitates  probably  act  as  genera¬ 
tion-recombination  centers  and  also  may  assist  in 
tunneling  thereby  producing  excessive  dark  currents 
in  the  photodiodes. 

It  is  well  established  in  literature  that  interdif- 
fusion  coefficient  between  heterostructure  layers  of 
Hgi_xCdxTe  and  Hgl  vCdyTe  depends  on  composition 
and  increases  with  decrease  in  Cd  concentration.62 
This  could  result  in  the  creation  of  Te  precipitates  at 
the  heterostructure  interfaces  via  the  Kirkendall  ef¬ 
fect.63  Based  on  the  fact  that  Cd  diffuses  faster  in 
HgTe  than  Hg  does  in  CdTe,  we  show  in  Fig.  9 
(schematic)  the  formation  of  Te  precipitates  at  the  two 
heterostructure  interfaces  in  a  two  layer  (Hg,Cd)Te 
heterostructure  grown  on  CdTe  or  (Cd,Zn)Te  sub¬ 
strates. 

As  can  be  noted  from  the  figure,  Te  precipitates  will 
form  on  the  sides  of  the  interface  having  the  larger  Cd 
concentration.  The  charge  states  of  the  diffusing  spe¬ 
cies  are  also  indicated  in  the  figure.  It  should  also  be 
noted  that  these  precipitates  can  be  given  rise 
to,  by  the  climb  of  dislocations  occurring  during 
interdiffusion  between  the  heterostructure  lay¬ 
ers. 
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Origin  of  Native  Defect  Related  Shockley- 
Read  Centers 

It  is  well  established  in  literature64  that  the  mi¬ 
nority  carrier  lifetime  in  p-type  Hg1  xCdxTe  decreases 
with  increase  in  Eg  vacancy  concentration,  suggest¬ 
ing  that  either  the  Hg  vacancy  or  another  native 
defect  whose  concentration  is  coupled  to  that  of  the  Hg 
vacancy  acts  as  the  Shockley-Read  center  in  limiting 
the  carrier  lifetime  below  the  radiative  limit.  Expres¬ 
sion  for  the  single  level  Shockley-Read  limited  minor¬ 
ity  carrier  lifetime  is  given  by 

T  =  Tno  [1  +  exp  (Ep-  Et)/kT]  (5) 


where 


1 

C  N, 

n  t 


Cn:  Capture  cross  section  of  electrons;  Nt:  trap  den¬ 
sity;  Ef:  Fermi  energy;  Et:  trap  energy.  Examination 
of  Eq.  (1)  shows  that  if 


p 

Ef  =  Et,  Te  =  2  Tno  =  -  ^  f  (temperature) 

CnNt 

if  all  traps  are  ionized. 

What  this  means  is  that  in  a  temperature  range 
where  Hg  vacancies  are  completely  ionized  and  the 
Fermi  level  is  pinned  at  the  energy  level  of  the  Hg 
vacancies,  a  temperature  independent  carrier  life¬ 
time  should  result.  Experimental  results  in  literature 
(Ref.  64)  indicate  otherwise,  thus  leading  to  the  infer¬ 
ence  that  Hg  vacancies  themselves  are  not  the  traps 
but  another  native  defect  whose  concentration  is  tied 
to  the  concentration  of  the  Hg  vacancies — because  of 
the  way  the  crystal  is  prepared.  Indeed,  examination 
of  the  way  in  which  the  crystals  have  been  prepared 
to  vary  the  Hg  vacancy  concentration,  lends  support 
to  our  hypothesis.  The  Hg^Cd^Te  samples  with  dif¬ 
ferent  concentrations  of  Hg  vacancies  are  all  pre¬ 
pared  under  Hg-saturated  conditions  with  the  crys¬ 
tals  exposed  to  the  highest  temperature  showing  the 
highest  Hg  vacancy  concentrations.  If  so,  it  appears 
that  Hg  interstitials  whose  concentration  would  track 
with  the  concentration  of  Hg  vacancies  could  be  the 
Shockley-Read  centers. 

Also,  the  concentration  of  the  Hg  interstitials  would 
be  orders  of  magnitude  lower  than  that  of  the  Fermi 
level  pinning  Hg  vacancies  and  thus  would  explain 
the  temperature  dependence  of  the  minority  carrier 
lifetime.  The  concentrations  of  Hg  interstitials  and 
Hg  vacancies  are  coupled  via  the  Frenkel  reaction 

Hg^v"+Hg;  (6) 

where  a  neutral  Hg  atom  Hg*Ig  occupying  a  Hg  lattice 
site  goes  into  an  interstitial  site  acting  as  a  double 
donor  Hgj  and  leaving  behind  a  vacant  lattice  site  of 
Hg  which  acts  as  a  double  acceptor  V"g.  The  mass 
action  constant  for  the  Frenkel  Reaction  (6)  is  given 
by 


K 


raw 
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(7) 


In  terms  of  definition  of  site  fractions  indicated  by  [  ] 
(square  brackets) ([  ]  =  ^'“/^'ce sites. 


[Hg*g]  «  1  because  most  of  the  Hg  lattice  sites  are 
occupied. 


Fig.  9.  Compositional  interdiffusion  and  Te  precipitate  formation  near 
heterostructure  interfaces  in  multilayer  Hg^CdxTe  films. 


P3  P2  pi 


Log  Partial  Pressure  of  Hg  *" 

Fig.  1 0.  Variation  of  the  concentrations  of  Fig  vacancies  (v")  and  Fig 
interstitials  (Hg;)  as  a  function  of  the  partial  pressure  of  Hg  in 
Hg^CdHe  at  different  temperatures  (schematic). 
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T.  nC 


temperatures  and  partial  pressures  of  Hg. 


Log  partial  pressure  of  Hg;  pHg 


Fig.  12.  Variation  (schematic)  of  the  concentrations  of  Hg  interstitials 
(Hg.)and  Te  antistructure  defects  (TeHJ  as  a  function  of  partial 
pressure  of  Hg  at  a  fixed  temperature  of  anneal. 


It  should  be  noted  that  K"  is  only  dependent  on 
temperature  and  not  on  partial  pressure  of  Hg.  Thus, 
at  a  fixed  temperature,  the  value  of  K"  is  fixed  and 
when  the  partial  pressure  of  Hgis  varied,  the  concen¬ 
trations  of  VT  and  Hg.  change  in  a  way  that  the 
product  of  their  concentrations  remains  a  constant. 
Thus,  in  the  samples  prepared  at  higher  tempera¬ 
tures  under  Hg  saturated  conditions,  higher  will  be 
the  value  of  K"  and  higher  will  be  the  concentration 


of  both  Hg  vacancies  and  Hg  interstitials.  Based  on 
this  argument,  it  is  easy  to  see  that  HglxCdxTe  samples 
could  be  prepared  at  different  temperatures  say  Tv 
T2,  T3  ( T1  >T2>T3),  and  partial  pressures  of  Hg-  p1?  p2, 
P3  (Pi  >p2  >P3)  the  same  Hg  vacancy  concentration 

C,  but  with  different  Hg  interstitial  concentrations 
Cx,  C2,  and  C3  ( C1  >C2  >  C3)  (Fig.  10);  samples  prepared 
at  the  lowest  temperature  and  lowest  Hg  pressure 
would  have  the  lowest  concentration  of  Hg  interstitials. 
If  Hg  interstitials  are  the  Shockley-Read  centers,  the 
minority  carrier  lifetime  in  samples  prepared  at  the 
lowest  temperature  should  be  higher  than  that  in 
samples  prepared  at  the  highest  temperature  even 
though  the  Hg  vacancy  concentration  in  both  samples 
is  the  same.  Figure  11  shows  that  in  Hg08Cd02Te 
crystals  a  vacancy  concentration  of  ~1015  cm13  can  be 
obtained  either  with  an  anneal  at  T  =  300°C  and 
=  7  x  lCh2  atm  or  with  an  anneal  at  T  =  200°C  and  pH* 
=  6  x  10~5  atm,  the  concentration  of  Hg  interstitial 
donors  with  the  lower  temperature  anneal  being 
lower. 

The  situation  may  be  more  complicated  than  pre¬ 
sented  here  because  of  the  possible  occurrence  of 
other  sorts  of  native  defects,  one  example  of  which  is 
an  antistructure  donor  defect  such  as  Te™;r  ,65>66  where 
m  is  an  integer  representing  the  degree  of  ionization 
of  the  defect;  m  can,  in  principle,  take  on  values  from 
1  through  4.23 

It  can  be  shown  that  concentration  of  these  anti¬ 
structure  defects  varies  as  p^2  irrespective  of  their 
charge  state  as  long  as  the  intrinsic  carriers  dominate 
the  electroneutrality  condition  in  the  crystals23  and 
hence  as  the  partial  pressure  of  Hg  is  decreased,  to 
decrease  the  concentration  of  Hg  interstitials,  the 
concentration  of  Te  antistructure  donor  defects  in¬ 
creases.  Although  their  concentration  is  not  high 
enough  to  be  a  major  species  in  the  charge  balance  in 
the  crystal,  their  concentration  at  low  Hg  pressures 
could  become  significant  enough  to  affect  the  carrier 
lifetime.  Thus,  if  Te  antistructure  defects  also  could 
be  potential  Shockley-Read  centers,  the  optimum 
preparation  condition  maybe  one  where  the  crystal  is 
treated  at  an  intermediate  Hg  pressure  such  that  the 
concentration  of  both  Hg  interstitial  donors  and  Te 
antistructure  donors  is  a  minimum  (Fig.  12).  Irre¬ 
spective  of  whether  the  material  is  p-type  or  n-type, 
reduction  of  these  native  defect  related  Shockley- 
Read  centers  in  the  material  is  expected  to  result  in 
the  improvement  of  the  device  performance. 

SUMMARY 

We  have  reviewed  the  state  of  the  art  in  HglxCdxTe 
material  characteristics  the  current  LPE  technology 
is  capable  of  providing  from  Hg-rich  and  Te-rich 
solutions.  Areas  of  ongoing  research  essential  for 
further  development  of  the  technology  are  discussed. 
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The  growth  of  high  quality  { 1 1 1}B  oriented  HgCdTe  layers  on  CdZnTe/GaAs/Si 
and  CdTe/Si  substrates  by  Te-rich  slider  liquid  phase  epitaxy  (LPE)  is  reported. 
Although  the  { 1 1 1 1  orientation  is  susceptible  to  twinning,  a  reproducible  process 
yielding  twin-free  layers  with  excellent  surface  morphology  has  been  developed. 
The  electrical  properties  and  dislocation  density  in  films  grown  on  these 
substrates  are  comparable  to  those  measured  in  HgCdTe  layers  grown  on  bulk 
CdTe  substrates  using  the  same  LPE  process.  This  is  surprising  in  view  of  the 
large  lattice  mismatch  that  exists  in  these  systems.  We  will  report  details  of  both 
the  substrate  and  HgCdTe  growth  processes  that  are  important  to  obtaining 
these  results. 

Key  words:  Heteroepitaxy,  HgCdTe,  liquid  phase  epitaxy  (LPE) 


INTRODUCTION 

Silicon-based  substrates  are  attractive  for  HgCdTe 
detector  arrays  because  they  offer  a  lower  cost,  greater 
mechanical  strength,  improved  thermal  expansion 
match  to  the  Si  readout  circuit  and  a  more  easily 
scaled  manufacturing  process  when  compared  with 
the  use  of  bulk  CdTe  or  CdZnTe  substrates.1-3  We  will 
report  the  growth  of  high  quality  {1111B  oriented 
HgCdTe  layers  on  organometallic  vapor  phase  epit¬ 
axy  (OMVPE)-grown  CdZnTe/GaAs/Si  and  molecular 
beam  epitaxially  (MBE)  grown  CdTe/Si  substrates  by 
the  use  of  a  Te-rich  slider  liquid  phase  epitaxy  (LPE) 
process.  A  potential  problem  associated  with  Si-based 
substrates  is  the  higher  dislocation  density  expected 
as  a  result  of  the  19%  lattice  parameter  difference 
between  CdTe  and  Si.  A  second  potential  difficulty  is 


(Received  October  4,  1994;  revised  February  20,  1995) 


contamination  of  the  HgCdTe  by  components  of  the 
substrate  such  as  Ga  or  Si.  In  order  for  epitaxial 
HgCdTe  layers  to  be  useful  for  photovoltaic  detector 
arrays,  the  residual  electrically  active  impurity  con¬ 
centration  should  be  below  2  x  1015  atoms/cm3  and  the 
dislocation  density  should  be  below  1  x  106/cm2. 

Although  the  large  lattice  parameter  mismatch 
between  CdTe  and  GaAs  is  potentially  a  problem,  it  is 
reduced  to  0.7%  along  one  of  the  <112>  directions  of 
the  substrate  if  the  CdTe  layer  takes  up  the  (111) 
orientation  when  grown  on  (100)  oriented  GaAs.3  A 
disadvantage  of  this  orientation  is  that  it  has  been 
reported  that  (111)  oriented  layers  of  CdTe  are  exten¬ 
sively  twinned,  even  when  grown  on  CdTe  substrates.4 
Fortunately,  we  have  found,  as  the  case  for  growth  on 
bulk  GaAs  substrates,5  the  use  of  CdZnTe/GaAs/Si  or 
CdTe/Si  substrates  tilted  a  few  degrees  away  from  the 
(100)  orientation  suppresses  twin  growth  in  the  CdTe, 
so  that  layers  with  no  twin  planes  intersecting  the 
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Fig.  1 .  CdZnTe  surface  morphology  for  various  Si  substrate  orienta¬ 
tions  and  deposition  temperatures. 


CdTe  surface,  and  no  twins  penetrating  the  HgCdTe 
layer,  are  obtained.6 

Contamination  of  HgCdTe  layer  could  result  from 
diffusion  of  Ga  or  Si  through  the  CdZnTe  or  CdTe 
layer,  but  we  will  show  that  diffusion  is  sufficiently 
slow  that  no  appreciable  penetration  of  these  ele¬ 
ments  into  the  HgCdTe  layer  occurs  during  the  LPE 
process.  On  the  other  hand,  the  problem  of  contami¬ 
nation  by  these  substrate  materials  from  the  melt 
during  LPE  growth  is  serious  because  both  GaAs  and 
Si  are  highly  soluble  in  the  Te-rich  melt,  and  Ga  and 
Si  are  easily  incorporated  into  the  growing  HgCdTe. 
Arsenic  is  much  less  readily  incorporated  into  HgCdTe 
from  a  Te-rich  melt  so  that  the  GaAs  layer  is  not  a 
significant  As  impurity  source.  It  is,  therefore,  neces¬ 
sary  to  totally  encapsulate  the  substrate  outside  the 
growth  area  to  prevent  contamination  of  the  melt, 
using  an  impervious  surface  coating  or  mechanical 
masking  scheme.  We  will  show  that  the  high  tem¬ 
perature  oxidation  of  Si  produces  a  very  effective 
encapsulant  for  this  purpose. 

RESULTS  AND  DISCUSSION 
Substrates 

The  substrates  used  were  2  x  3  cm  rectangles  cut 
from  3”  diameter  Si  wafers.  The  cutting  operation 
resulted  in  some  chipping  of  the  wafer  edges,  as  well 
as  sharp  edges  that  made  conformal  coating  with  an 
encapsulant  difficult.  The  wafer  edges  were  therefore 
rounded,  either  by  mechanical  abrasion  followed  by 
polishing  with  a  diamond  slurry  or,  preferably,  by  use 
of  a  chemical  polishing  etch.  The  wafers  were  then 
oxidized  in  a  dry  oxygen  flow  at  950°C  to  give  an 
approximately  150  nm  thick  oxide  coating  on  all 
surfaces.  A  rectangular  window  was  opened  in  the 
front  side  of  the  wafer  by  masking  the  back  side  plus 
a  1  or  2  mm  wide  strip  around  the  perimeter  of  the 
wafer  with  resist,  then  removing  the  oxide  using 
hydrofluoric  acid  solution.  Substrate  oxidation,  pho¬ 
tolithography  and  oxide  etching  steps  were  carried 


out  at  Spire  Corporation 

If  a  GaAs  buffer  layer  was  to  be  used  as  an  in¬ 
termediate  layer  between  the  CdTe  and  Si,  it  was 
deposited  on  the  Si  by  OMVPE  using  trimethylgal- 
lium  and  arsine  to  a  thickness  of  0.5  to  2.0  pm,  at  a 
reactor  pressure  of  about  76  Torr.  These  thin  GaAs 
layers  were  specular  and  free  of  cracks.  During  depo¬ 
sition  of  the  GaAs  layer  some  polycrystalline  GaAs 
specks  deposited  on  the  exposed  Si02  border  around 
the  substrate.  The  average  GaAs  thickness  on  the 
encapsulant  was  much  less  than  that  on  the  single 
crystal  area,  that  is  the  deposition  was  somewhat 
selective.  The  degree  of  selectivity  increased  at  a  high 
deposition  temperature,  and  for  thin  GaAs  deposits. 
We  will  discuss  the  importance  of  achieving  a  high 
degree  of  selectivity  below. 

Deposition  of  CdZnTe  was  carried  out  by  OMVPE 
using  a  large  “pancake”  type  reactor  at  Spire  Corpo¬ 
ration,  the  Spire  model  3000G.  The  organometallics 
used  were  dimethylcadmium,  diethylzinc,  and 
dimethyltellurium .  The  reactor  pressure  was  main¬ 
tained  at  650  Torr.  The  CdTe/Si  wafers  were  sub¬ 
jected  to  a  brief  high  temperature  bake  at  about  600°C 
for  12  m  before  carrying  out  the  CdZnTe  deposition  at 
420  to  460  °C.  The  CdZnTe  layer  was  deposited  to  a 
thickness  of  8  ±  1  pm,  the  Zn  concentration  was 
3±  1.5%. 

The  CdZnTe  morphology  was  found  to  vary  strongly 
with  substrate  tilt  angle  and  tilt  direction,  deposition 
temperature,  and  pressure.  The  surfaces  of  layers 
deposited  at  420  and  460°C  onto  substrates  tilted  4° 
toward  the  Si  <  1 1 1>  direction  are  shown  in  Fig.  1 .  The 
morphology,  uniformity,  and  orientation  of  these 
CdZnTe  layers  have  been  described  in  detail  previ¬ 
ously.6  Recent  growth  experiments  at  a  lower  pres¬ 
sure  (300  Torr)  have  resulted  in  smoother  CdZnTe 
surfaces.  During  deposition  of  the  CdZnTe  polycrys¬ 
talline  material  deposited  on  the  encapsulant  around 
the  edges  of  the  wafer,  covering  the  GaAs  that  had 
also  deposited  there. 

In  addition  to  affecting  the  CdZnTe  morphology, 
the  Si  substrate  tilt  angle  away  from  the  (100)  plane 
was  found  to  affect  the  growth  of  twins  in  the  CdZnTe 
layer.  Only  lamellar  twins  with  boundaries  parallel  to 
the  substrate  surface  were  detected  either  by  x-ray  or 
electron  diffraction  or  in  cross  sections  examined  by 
transmission  electron  microscopy  (TEM),  in  organo- 
metallic  vapor  phase  epitaxy  CdZnTe  layers  grown  on 
substrates  tilted  more  than  two  degrees  away  from 
( 100).6  These  lamellar  twins  do  not  present  a  problem 
for  subsequent  growth  of  twin-free  HgCdTe  layers 
since  no  twin  boundaries  intersect  the  substrate  sur¬ 
face.  Lamellar  twins  were  found  to  be  confined  more 
closely  to  the  CdZnTe/GaAs  interface  as  the  tilt  angle 
increased,  the  near-surface  region  being  twin  free  for 
a  7  pm  thick  CdZnTe  layer  grown  on  a  substrate  with 
a  tilt  angle  of  greater  than  4°. 

Substrates  for  LPE  growth  of  HgCdTe  were  also 
prepared  by  direct  growth  of  CdTe  layers  about  8  pm 
thick  onto  Si  substrates  without  an  intermediate 
GaAs  layer.  Silicon  substrates  with  an  orientation 
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tilted  about  one  degree  away  from  (100)  were  encap¬ 
sulated  as  described  above  and  then  used  for  the  MBE 
growth  of  CdTe  layers.  Molecular  beam  epitaxial 
growth  was  carried  out  at  the  University  of  Illinois  at 
Chicago.  The  CdTe  grew  in  an  approximately  (lll)B 
orientation.  X-ray  diffraction  showed  only  a  small 
number  of  lamellar  twins  close  to  the  CdTe/Si  inter¬ 
face.  The  CdTe  surfaces  were  smooth  and  specular 
with  at  most  only  a  very  slight  dimpled  texture  visible 
at  500X  using  Nomarski  contrast.  As  with  OMVPE 
growth,  poly  crystalline  deposits  of  CdTe  grew  on  the 
Si02  encapsulant  around  the  periphery  of  the  sub¬ 
strate,  except  on  the  outermost  0.5  mm  where  growth 
was  shadowed  by  the  substrate  holder. 

LPE  Growth  of  HgCdTe 

Liquid  phase  epitaxial  growth  of  Hg0  79Cd0  21Te  was 
carried  out  from  a  Te-rich  melt  at  about  490°C.  The 
slider  method  was  used  with  a  graphite  slider  system 
of  conventional  design.  After  heating  the  system  to  a 
few  degrees  above  the  intended  growth  temperature, 
the  melt  was  saturated  by  sliding  a  CdTe  wafer 
underneath  it  and  holding  it  there  for  more  than  60  m. 
The  CdTe  wafer  was  then  slid  away  from  the  melt  and 
the  melt  cooled  so  as  to  cause  a  few  degrees  of  super¬ 
saturation.  The  substrate  was  then  slid  under  the 
melt  and  growth  began  immediately  as  a  result  of  the 
supersaturation.  The  melt  was  cooled  by  a  few  de¬ 
grees  during  an  approximately  30  m  growth  time, 
after  which  the  substrate  was  slid  away  from  the  melt 
and  the  system  was  cooled  to  room  temperature.  The 
growth  sequence  and  temperature  program  were  con¬ 
trolled  by  computer. 

The  surface  morphology  of  the  HgCdTe  was  strongly 
influenced  by  the  substrate  orientation.  Figure  2 
shows  micrographs  of  the  surfaces  of  15  to  20  pm  thick 
layers  of  HgCdTe  on  both  CdTe/Si  and  Cd0  97Zn0  03Te/ 
GaAs/Si  substrates  using  a  Nomarski  phase  contrast 
objective.  For  small  tilt  angles,  one  or  two  degrees, 
distinct  terracing  was  seen,  with  the  tear-drop  shaped 
features  characteristic  of  heavily  terraced  LPE  sur¬ 
face.  For  a  tilt  angle  of  four  degrees  a  regular  wavy 
appearance  was  seen,  the  difference  in  height  from 
crest  to  trough,  measured  with  a  laser  profilometer,  is 
0.5  to  1  pm.  For  a  tilt  angle  of  seven  degrees  the 
surface  showed  no  regular  features  and  was  smoother 
than  for  a  four-degree  tilt. 

In  early  experiments  using  CdZnTe/GaAs/Si  sub¬ 
strates,  substantial  contamination  of  the  melt  and  of 
the  HgCdTe  occurred  even  though  as  much  as  5°C  of 
supersaturation  was  used.  Electrical  measurements 


and  secondary  ion  mass  spectroscopy  (SIMS)  analysis 
showed  Ga  contamination  was  occurring  at  the  1017 
atoms/cm3  to  1018  atoms/cm3  level,  along  with  Si  con¬ 
tamination  at  a  similar  level.  The  SIMS  profiles 
indicated  a  contamination  level  that  increased  to¬ 
ward  the  wafer  surface,  clearly  establishing  that  the 


c.  CdZn Tc/Ga As/Si,  4°  off  ( 1 00)  to  ( III ) 


d.  CdZnTe/GaAs/Si,  7°  off  (100)  to  (111) 


a.  CdTc/Si,  1+0.5°  off  (100) 


b.  CdZnTe/GaAs/Si,  2°  off  (100)  to  (1 1 1 ) 


Fig.  2.  HgCdTe  surface  morphology  for  various  substrate  types  and 
orientations. 


a 


b 

Fig.  3.  Relative  size  of  LPE  melt  and  encapsulant  window;  (a)  melt 
periphery  contacts  substrate  resulting  in  metlback  at  melt/substrate/ 
vapor  junction,  and  (b)  melt  periphery  contacts  encapsulant,  meltback 
is  prevented. 


Table  I.  Summary  of  Ga  Contamination  Results 


Process 

1.0  pm  GaAs  Layer 

0.5  pm  GaAs  Layer 

Increased  Deposition 
Temperature 

Ga  atoms  on  encapsulant  (cm"3) 

2.4  x  1019 

1.2  x  1018 

<  1  x  1G17 

Ga  atoms  (cm-3)  in  HgCdTe  if  all  on 

4  x  1018 

2  x  1017 

<2  x  1016 

encapsulant  enter  melt 

Hall  electron  concentration  (cm-3) 

1.4  x  1017 

1.5  x  1016 

1.9  x  1015 
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Fig.  4.  Secondary  ion  mass  spectroscopy  of  CdZnTe/GaAs/Si  struc¬ 
ture. 


Fig.  5^  Etch  pit  density  as  a  function  of  supersaturation  for  LPE 
HgCd  le  on  CdZnTe/GaAs/Si  (©)  and  CdTe/Si  (+)  substrates. 

contaminants  did  not  originate  at  the  HgCdTe/sub- 
strate  interface  by  diffusion  into  the  HgCdTe.  Micro¬ 
scopic  examination  of  the  grown  films  indicated  that 
the  melt  was  dissolving  the  substrate  in  a  region 
about  0.2  to  0.5  mm  wide  around  the  border  of  the 
HgCdTe  growth  region.  Apparently,  even  though  the 
bulk  of  the  melt  was  supersaturated,  a  region  near  the 
edge  was  unsaturated.  One  possible  explanation  of 
this  is  that  Hg  was  lost  by  vaporization  from  the  melt 
periphery,  resulting  in  an  increase  in  the  solubility  of 
Cel  in  the  melt.  In  order  to  prevent  this  localized 


meltback  phenomenon,  the  width  of  the  encapsulant 
border  around  the  substrate  was  increased  from  1  to 
2  mm.  The  wider  encapsulant  prevented  the  unsatur¬ 
ated  region  of  melt  from  contacting  the  CdZnTe  layer, 
which  avoided  this  mechanism  of  contamination,  as 
shown  in  Fig.  3. 

Subsequent  growth  runs  with  a  2  mm  border  showed 
a  greatly  reduced  contamination  level,  but  Ga  con¬ 
tamination  was  still  found  at  the  1  x  IQ17  atoms/cm3 
level.  Examination  showed  that  most  of  the  polycrys¬ 
talline  material  on  the  encapsulant  frame  had  been 
dissolved  in  the  melt,  and  calculations  indicate  that 
this  could  provide  sufficient  Ga  to  contaminate  the 
HgCdTe  at  above  this  level.  Efforts  were,  therefore, 
made  to  eliminate  GaAs  deposition  on  the  encapsulant 
border,  or  to  remove  it  after  the  deposition  process. 
Reducing  the  GaAs  layer  thickness  from  1.0  to  0.5  pm 
reduced  the  amount  of  polycrystalline  Ga  on  the 
frame  by  a  factor  of  20  because  of  the  improved 
selectivity  resulting  from  the  shorter  growth  time. 
The  reduction  in  the  volume  of  GaAs  on  the  oxide 
frame  was  by  counting  the  specks  in  selected  areas 
under  a  microscope  and  measuring  their  average 
diameter.  Increasing  the  GaAs  deposition  tempera¬ 
ture  from  675  to  720°C  further  improved  selectivity 
and  reduced  Ga  contamination.  Table  I  below  sum¬ 
marizes  these  results.  The  Hall  measurements  were 
made  after  a  96  h  anneal  at  250°C  anneal  in  saturated 
Hg  vapor.  As  can  be  seen  the  measured  donor  concen¬ 
tration  was  always  about  10%  of  the  calculated  maxi¬ 
mum  value. 

Hall  measurements  on  two  HgCdTe  layers  grown 
on  MBE  CdTe/Si  substrates  gave  electron  concentra¬ 
tions,  after  the  Hg-rich  anneal,  of  1.0  x  1015/cm3  and 
1.2  x  1015/cm3.  These  layers  were  grown  from  a  melt 
that  was  In  doped  at  a  level  that  gave  an  average 
electron  concentration  of  1.5  x  1015/cm3  for  layers 
grown  on  bulk  CdZnTe  substrates.  Secondary  ion 
mass  spectroscopy  analysis  also  showed  a  Si  contami¬ 
nation  level  of  less  than  1015  atoms/cm3  for  HgCdTe 
grown  on  CdTe/Si  substrates. 

In  order  to  confirm  that  the  only  source  of  Ga 
contamination  of  the  HgCdTe  was  from  residual  GaAs 
contamination  on  the  encapsulant,  the  unencapsulated 
area  of  a  substrate  was  masked  with  photoresist,  and 
the  polycrystalline  CdZnTe  and  GaAs  were  removed 
using  wet  etchants.  A  HgCdTe  layer  about  10  pm 
thick  was  grown  on  this  substrate  using  an  undoped 
Te-rich  melt.  A  SIMS  analysis  profile  of  the  resulting 
structure  was  obtained  and  is  shown  in  Fig.  4.  This 
profile  shows  the  Ga  concentration  to  be  below  1013/ 
cm2,  and  this  was  confirmed  by  a  measured  Hall 
electron  concentration  of  3  x  1014/em2,  with  a  Hall 
mobility  of  5  x  104  cm2/V.s.  The  measured  Ga  concen¬ 
tration  increases  in  the  CdZnTe  layer,  either  as  a 
result  of  Ga  diffusion  from  the  GaAs  layer  or  as  a 
result  of  penetration  of  some  part  of  the  SIMS  crater 
into  the  GaAs  layer.  This  Hall  mobility  is  about  a 
factor  of  three  below  the  value  expected  for  HgCdTe 
with  this  carrier  concentration  grown  on  bulk  CdTe 
substrates,  the  reason  for  this  discrepancy  is  not 
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known. 

The  growth  temperature  was  kept  constant  through¬ 
out  a  series  of  HgCdTe  growths  on  CdZnTe/GaAs/Si 
substrates,  but  the  amount  of  supersaturation  was 
varied  with  the  objective  of  determining  whether  the 
amount  of  contamination  would  be  reduced  at  high 
supersaturation.  No  affect  of  supersaturation  on  con¬ 
tamination  was  detected.  The  dislocation  density  in 
these  films  was  determined  by  use  of  the  Hahnert  and 
Schenk  etch7  to  develop  etch  pits  in  the  HgCdTe 
surface.  A  relationship  was  seen  between  the  etch  pit 
density  and  amount  of  supersaturation.  This  rela¬ 
tionship  is  illustrated  in  Fig.  5.  The  reduction  in 
dislocation  density  at  the  surface  of  the  HgCdTe 
surface  at  low  supersaturation  could  result  from  the 
fact  that  the  initial  growth  rate  was  slower,  allowing 
more  time  for  the  formation  of  an  equilibrium  misfit 
dislocation  network  near  the  interface  with  the  sub¬ 
strate,  so  that  fewer  threading  dislocations  were 
formed.  The  electron  mobility  for  low  dislocation 
density  HgCdTe  layers  grown  on  CdZnTe/GaAs/Si 
substrates  was  close  to  the  value  expected  for  bulk 
CdTe  substrates,  the  electron  concentration  and  mo¬ 
bility  of  a  Hg0  79Cd021Te  layer  grown  using  1°C  of 
supersaturation  were  2.8E15/cm3  and  1.35E5  cm2/ 
V-s,  respectively. 

In  order  to  make  a  comparison  of  the  utility  of  Si- 
based  substrates  with  conventional  bulk  substrates, 
a  2  pm  thick  As-doped  HgCdTe  p-type  cap  layer  was 
grown  on  an  In-doped  ntype  HgCdTe  layer  about  15 
pm  thick  grown  on  a  CdZnTe/GaAs/Si  substrate.  The 
substrate  had  been  prepared  under  conditions  identi¬ 
cal  with  those  giving  a  HgCdTe  layer  with  n  = 
1.9  x  1015/cm3.  The  p-type  layer  was  grown  from  a  Hg- 
rich  melt  by  a  dipping  LPE  process.  The  resulting 
material  was  etched  to  form  60  x  60  pm  mesa  diodes, 
gold  contacts  were  formed  on  the  diodes,  and  the  diode 
surfaces  passivated  by  coating  them  with  a  layer  of 
ZnS.  The  values  of  R0A  for  the  resulting  diodes  ranged 
from  300  ohm. cm2  to  over  600  ohm.cm2.  Figure  6 
shows  an  current-voltage  curve  for  a  diode  with  an 
R0A  value  of 682  ohm.cm2.  The  reverse  bias  character¬ 
istics  of  these  devices  were  similar  to  those  obtained 
on  bulk  substrates.  These  diodes  showed  good 
photoresponse  at  low  temperature,  with  a  cutoff  wave¬ 
length  of  8.6  pm  at  80K.  A  quantum  efficiency  of  about 
50%  was  obtained  at  this  temperature  when  the  diode 
was  illuminated  through  the  Si  substrate,  which  did 
not  have  an  anti-reflection  coating  applied  to  it. 

CONCLUSIONS 

Good  quality  (111}B  oriented  HgCdTe  films  have 
been  grown  on  both  MBE  CdTe/Si  and  OMVPE 
CdZnTe/GaAs/Si  substrates.  Films  grown  on  CdZnTe/ 
GaAs/Si  are  sufficiently  free  of  Ga  contamination  by 
the  substrate  to  make  doping  control  at  the  1015/cm3 
level  possible  and  have  mobilities  of  above  1  x  105  cm2/ 
V-s.  Dislocation  densities  below  1  x  106/cm2  can  be 
obtained  on  both  types  of  substrates;  and  although 
this  value  is  a  factor  of  three  above  that  obtained 
using  bulk  CdTe  substrates  in  the  same  process,  it  is 
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Fig.  6.  Current-voltage  characteristics  of  HgCdTe  p  on  n  diode  on  a 
CdZnTe/GaAs/Si  substrate  at  80K. 

probably  low  enough  that  it  would  not  significantly 
increase  dark  current  in  detectors  at  80K.  It  is  not 
clear  as  yet  whether  the  GaAs  buffer  layer  is  having 
any  affect  on  dislocation  density  in  the  CdZnTe  layer, 
or  whether  use  of  a  lattice  matching  CdZnTe  compo¬ 
sition  is  important,  but  these  factors  do  not  seem  to 
have  as  large  an  impact  on  the  dislocation  density  in 
the  subsequently  grown  HgCdTe  as  does  the  LPE 
growth  process  itself.  It  can  be  anticipated  that  fur¬ 
ther  refinements  of  both  the  LPE  growth  conditions, 
and  the  substrate  preparation  process,  should  lead  to 
further  reductions  in  dislocation  density. 

The  use  of  a  thermally  generated  oxide  on  the  Si 
substrate  prior  to  OMVPE  or  MBE  growth  has  been 
shown  to  be  effective  in  preventing  contamination  of 
the  HgCdTe  by  the  substrate  materials,  provided 
GaAs  deposition  on  the  encapsulant  is  avoided.  Selec¬ 
tive  growth  of  GaAs  has  been  achieved  by  raising  the 
deposition  temperature,  and  the  degree  of  selectivity 
can  probably  be  improved  further  by  reduction  of  the 
reactor  pressure.  In  any  case,  the  level  of  contamina¬ 
tion  that  has  already  been  achieved  is  comparable 
with  the  deliberately  added  dopant  concentration. 
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Piezoelectric  Effects  in  HgCdTe  Devices 


C.F.  WAN,  J.D.  LUTTMER,  R.S.  LIST,  and  R.L.  STRONG 
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Piezoelectric  effect  in  long-wavelength  infrared  (LWIR)  HgCdTe  has  been 
studied  using  metal-insulator-semiconductor  (MIS)  and  p-n  homojunction  de¬ 
vices.  A  cantilever  beam  technique  was  used  to  measure  the  shift  in  flatband 
voltage  in  the  MIS  devices  as  a  function  of  applied  strain,  from  which  piezoelec¬ 
tric  constant  was  derived.  This  is  the  first  time  such  a  value  has  been  reported 
in  the  literature.  Subsequent  calculation  showed  that  the  thermal  stress  from 
cryogenic  cool  (from  300  to  77K)  of  hybridized  infrared  devices  fabricated  on 
(111)  HgCdTe  surfaces  induced  a  piezoelectric  field  of -1840  V/cm.  This  field  is 
present  in  the  space  charge  regions  in  the  semiconductor  where  there  is  no  free 
carrier.  It  reinforces  the  built-field  in  an  n-on-p  diode  fabricated  on  the  (lll)A 
HgCdTe  surface.  Thus,  the  diode  is  more  prone  to  the  thermal  stress  than  one 
fabricated  on  the  (lll)B  surface.  Electrical  measurement  of  reverse-bias  dark 
currents  in  HgCdTe  photodiodes  under  applied  compressive  and  tensile  stress 
confirmed  the  existence  of  a  strain-induced  field  in  the  junction. 

Key  words:  HgCdTe,  piezoelectric  effects,  stress,  strain 


INTRODUCTION 

HgCdTe  is  a  narrow-bandgap  semiconductor  with 
zinc-blende  structure.  It  is  a  widely  used  infrared 
detector  material  for  photovoltaic  detector  arrays  in 
the  8-12  pm  band.  Substantial  effort  has  been  ex¬ 
pended  on  large-area  focal-plane  arrays.  These 
HgCdTe  devices  are  often  bump  bonded,  epoxied,  or 
grown  epitaxially  on  silicon.  When  the  devices  are 
cooled  from  room  temperature  to  cryogenic  tempera¬ 
tures,  thermal  stresses  are  introduced  due  to  mis¬ 
match  in  coefficients  of  thermal  expansion  of  HgCdTe 
and  silicon.  In  addition,  mechanical  stresses  may  be 
introduced  during  the  device  fabrication.  This  in¬ 
cludes  the  vicinity  of  windows  in  dielectric  overlayers 
or  around  metal  gates  or  contacts.  Other  stress  or 
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strain  may  exist  near  dislocations  or  other  material 
defects  in  the  HgCdTe. 

Stress  can  induce  electric  fields  and/or  surface 
charges  in  HgCdTe  due  to  piezoelectric  effects.  The 
field  may  have  adverse  effects  on  HgCdTe  photodetec¬ 
tors  as  the  narrow  bandgap  semiconductors  are  sub¬ 
ject  to  tunnel  breakdown  and  charge  redistribution 
around  dislocations,  inclusions,  and  precipitates.1  The 
piezoelectric  effects  have  been  found  to  be  responsible 
for  shifts  in  the  pinch-off  voltage  and  the  saturation 
current  of  GaAs  field  effect  transistors  (FETs).2  In 
addition,  it  has  been  shown  to  create  sufficiently  high 
internal  electric  fields  to  modify  the  electronic  struc¬ 
ture  and  optical  properties  of  III-V  superlattices.3 

Strain  effects  in  HgCdTe  have  been  studied  by 
Weiss  and  Mainzer.4  Significant  changes  were  ob¬ 
served  in  device  characteristics  when  a  strain  was 
applied.  Their  results  suggested  a  change  in  n-chan- 
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Fig.  1 .  Schematic  diagram  of  a  cantilever  beam  test  fixture. 

nel  conductivity  due  either  to  piezoelectric  effects  or 
n-type  damage.  The  piezoelectric  constant  ofHgCdTe, 
which  is  needed  to  assess  the  piezoelectric  effect  in 
HgCdTe,  has  not  been  reported  in  the  literature. 
Conventional  measurement  techniques  such  as  pi¬ 
ezoelectric  resonators  cannot  be  used  to  measure  the 
piezoelectric  effect  of  HgCdTe  perhaps  because  of 
free-carrier  screening.  In  this  study,  we  used  metal- 
insulator-semiconductor  (MIS)  and  photodiode  de¬ 
vices  to  measure  the  stress  effects.  We  then  extracted 
the  piezoelectric  constants,  which  allowed  us  to  calcu¬ 
late  stress-induced  electric  fields  in  HgCdTe. 

EXPERIMENTAL 

Metal-insulator-semiconclcutor  devices  and  p-njunc- 
tions  were  fabricated  on  thin  slabs  (~10  pm)  of  LWIR 
HgCdTe  epoxied  to  a  20  mil  thick  silicon  substrate. 
The  HgCdTe  material  was  grown  epitaxially  from 
solution  on  [lll]-oriented  CdZnTe  substrates.  The 
MIS  devices  were  fabricated  on  (lll)A  surface  of  n- 
type  HgCdTe,  using  1800A  of  ZnS  as  the  gate  insula¬ 
tor.  Donor  concentration  of  the  HgC  dTe  was  ~5  x  1014 
cm-3.  The  photodiodes  were  fabricated  on  metal-va¬ 
cancy  doped,  p-type  HgCdTe  with  acceptor  concentra¬ 
tion  of  ~1  x  10 17  cnr3.  The  background  impurity  was  n- 
type  with  the  donor  concentrations  of  ~5  x  1014  cm-3. 
The  n-region  was  formed  by  ion  implantation,  which 
converted  the  p-HgCdTe  into  n-type  by  filling  the 
metal  vacancies  with  Fig.  A  metal  field  plate  was  used 
for  controlling  the  surface  potential.  Guard  diodes 
were  employed  to  reduce  the  diffusion  current. 

A  cantilever-beam  test  fixture  was  used  to  apply 
compressive  or  tensile  strains  on  the  composite.  A 
schematic  of  the  apparatus  is  given  in  Fig.  1.  Devices 
nearest  the  support  block  were  bonded  and  tested 
because  this  region  experiences  a  larger  stress  when 


a  load  is  applied  on  the  free  end.  The  HgCdTe  is  so  thin 
compared  to  the  silicon  substrate  that  its  length 
change  is  determined  by  change  in  the  adjacent  sili¬ 
con  surface.  From  elementary  bending  theory,  the 
curvature  r  of  the  elastically  bent  cantilever  beam  at 
a  point  x  from  its  support  end  is5 

1/r  =  3(L-x)/L3  *  y,  (1) 

where  L  is  the  length  of  the  beam  and  y  is  the  amount 
of  deflection  of  the  free  end.  The  strain  in  the  thin 
HgCdTe  film  attached  to  the  silicon  slab  is  simply  the 
curvature  times  half  the  silicon  thickness,  given  by: 

S  =  3t(L-x)/2L3  *  y  (2) 

It  is  in  the  direction  of  the  length  of  the  beam. 

The  cantilever  assembly  was  enclosed  in  a  brass 
cylinder  and  immersed  in  liquid  nitrogen  during  the 
electrical  measurements.  Beam  deflection  was 
achieved  with  a  rigid  clamp  attached  to  a  micrometer 
that  allowed  bi-directional  flexing.  The  wide  gaped 
clamp  could  contact  either  the  top  or  bottom  face  of  the 
cantilever  at  the  load  point.  Physical  contact  between 
the  clamp  and  the  cantilevered  beam  was  determined 
by  monitoring  the  electrical  resistance  between  the 
two. 

Flatband  voltage  of  the  MIS  devices  and  dark 
current  of  the  diodes  were  measured  as  a  function  of 
flexing  at  the  liquid  nitrogen  temperature.  A  typical 
test  cycle  involved  bending  the  PIgCdTe/Si  composite 
back  and  forth  with  increasing  deflection  until  break¬ 
age  of  Si  occurred.  The  typical  incremental  change  in 
deflection  was  ~10  mil.  The  diode  devices  were  tested 
under  optimum  field  plate  bias  to  eliminate  the  effect 
of  surface  charge.  Some  of  the  devices  could  still  be 
tested  after  the  breakage  if  the  bond  wires  did  not 
detach  from  the  devices.  The  results  usually  restored 
indicating  the  flexing  is  elastic  in  nature  within  the 
range  of  strain  used. 

RESULTS  AND  ANALYSIS 

Flatband  voltages  of  the  MIS  devices  were  mea¬ 
sured  as  a  function  of  deflection  of  the  beam.  They 
varied  linearly  with  the  amount  of  deflection.  The 
results  are  reversible  indicating  there  was  no  plastic 
deformation  during  the  bending,  and  the  changes 
were  induced  by  piezoelectric  effects.  As  shown  in  Fig. 
2,  applying  a  tensile  stress  shifted  the  flatband  volt¬ 
ages  toward  positive  voltage.  This  means  that  the 
electric  field  generated  by  tensile  stress  was  in  the 
[1111A  direction  and  that  the  sign  of  the  piezoelectric 
constant  was  positive.  The  common  II-VI  semicon¬ 
ductors,  such  as  CdTe  or  ZnS  have  positive  piezoelec¬ 
tric  coefficients,  while  the  common  III-V  semiconduc¬ 
tors  have  negative  ones.  The  slope  or  rate  of  change  of 
the  flatband  voltage  was  1.62  mV  per  mil  of  deflection, 
corresponding  to  a  surface  charge  of  7.14  x  10-7  C/m2 
per  mil  of  deflection. 

Zinc-blende  semiconductors  have  only  one  in¬ 
dependent  piezoelectric  constant  e14  due  to  the  sym¬ 
metries  of  the  crystal  structure.  Only  the  shear  strains 
can  induce  electric  polarization;  the  extensional  strains 
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do  not  induce  polarization.6  They  can  be  described  by 
the  following  equations: 


(3a) 

(3b) 

(3c) 


where  Rs  are  the  orthogonal  components  of  the  polar¬ 
ization  vector,  and  Ss  are  the  contracted  shear  strains. 
By  bending  the  cantilever  beam,  strain  Sx  along  the 
longitudinal  axis  x:  of  the  beam  is  generated  which 
can  be  calculated  using  Eq.  (2),  S2  along  the  x2-axis  is 
zero  due  to  restrain  imposed  by  the  silicon  substrate, 
and  a  strain  S3  is  generated  in  the  x3  direction  due  to 
the  stretching  of  HgCdTe  in  the  xL  direction.  S3  is 
related  to  S1  by  a  factor  of-v/(  1  -  v),  where  v  =  0.41,  the 
Poisson’s  ratio.  We  have 


Sx  =  3.81  x  10“5  per  mil  of  deflection  (4a) 

S9  =  0  (4b) 

S3  =  — v/(l  -  v)  *  SL  =  -0.695  *  S:  (4c) 

The  coordinate  system  xxx2x3  in  Fig.  1  does  not  coin¬ 
cide  with  that  of  the  HgCdTe  unit  cell.  The  [111] 
direction  of  the  HgCdTe  is  in  the  x3  direction.  Tensors 
in  the  xpc^  coordinate  system  can  be  transformed 
into  the  HgCdTe  coordinate  system  using  Euler’s 
angles  of  a  =  19°,  P  =  54.73°,  y  =  45°,  respectively.  Then 
the  shear  components  of  the  strain  tensor  (4a)-(4c) 
become: 

S/  =  -0.272  *  Sx  (5a) 

S/  =  -1.404  *  S,  (5b) 

Se'  =  -0.704  *  Sx  (5c) 

The  extensional  components  are  not  shown  since  they 
do  not  induce  polarization  as  only  the  shear  compo¬ 
nents  S/,  S5',  S6'  are  capable  of  inducing  piezoelectric 
effect.  Notice  we  have  arbitrarily  chosen  the  projec¬ 
tion  of  x/  axis  on  x1x2  plane  to  be  (p  =  45°  from  the 
direction.  Although  <p  is  dependent  on  the  exact  orien¬ 
tation  of  HgCdTe,  it  turns  out  the  result  is  indepen¬ 
dent  of  this  angle.  The  polarization  vector  is  by  Eqs. 
(3) 


p;  =  e14  *  s;  =  -0.272  *  S4 

*ei4 

(6a) 

P/  =  e14*S5'  = -1.404*  Sl 

*eu 

(6b) 

ry  =  e14  *  S6'  =  -0.704  *  Sj 

*e!4 

(6c) 

The  polarization  charge  induced  on  the  (lll)A  sur¬ 
face  by  this  vector  is 


a  =  n'*F  =  1/V3  *  (P/  +  P/  +  P80  =  -1.38  *  S,  *  e14  (7) 

where  n  is  the  unit  vector  in  the  [111]A  direction,  o  is 
also  independent  of  the  azimuthal  orientation  of  the 
[lll]-oriented  HgCdTe.  Therefore,  there  is  no  need  to 
know  the  exact  orientation  of  (111)  HgCdTe  liquid 
phase  epitaxy  epoxied  on  the  silicon  substrate.  Sub¬ 
stituting  the  measured  value  of  a  and  S1  in  Eq.  (7),  we 
obtained  e14  =  0.0136  C/m2,  in  contrast  to  0.034  C/m2 
for  CdTe7. 

For  the  case  of  thermal  stress  generated  by  the 
cryogenic  cool  down  from  300  to  77K,  the  strain 
components  for  the  (111)  HgCdTe  are: 


51  =  0.078%  (8a) 

52  =  0.078%  (8b) 

53  =  -2v/(l-v)*S1  (8c) 

where  again  v  is  the  Poisson’s  ratio  of  HgCdTe  and  S3 
is  due  to  contraction  of  HgCdTe  by  stretching  it  in  the 
other  two  directions.  This  induces  a  polarization  vec¬ 
tor  in  the  x3  direction  for  all  the  azimuth  angles  of 
(111)  HgCdTe.  That  is 


P,  =  P2  =  0  (9a) 

P3  =  S3  *  e14  =  -2.93  x  10-5  C/m2.  (9b) 

Thus,  the  electric  field  is 

E,  =  E2  =  0  (10a) 

E3  =  -P3  /  eseo  =  1840  V/cm  (10b) 


where  £s  is  the  dielectric  constant  of  HgCdTe,  and  eo  is 
the  permittivity.  This  field  is  present  in  the  junction 
depletion  region,  where  there  are  no  free  carriers  to 
screen  it.  The  field  is  in  the  [111]A  direction,  in  the 
same  direction  as  the  built-in  field  if  an  n-on-p  diode 
is  fabricated  on  the  (lll)B  surface.  Its  strength  is 
quite  significant  compared  to  the  built-in  field  of  the 
junction,  around  2900  V/cm.  On  the  other  hand,  if  the 
n-on-p  diodes  are  fabricated  on  the  (lll)A  face,  the 
thermal-stress  induced  field  is  opposite  to  the  direc¬ 
tion  of  the  built-in  field.  The  sidewall  portions  of  the 
junction  are  not  affected  in  the  case  of  the  present 
planar  diodes  because  the  induced  field  is  perpen¬ 
dicular  to  the  built-in  field.  This  leads  to  a  situation 
where  the  electric  field  on  the  sidewall  portion  of  the 
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Fig.  2.  Flatband  voltage  of  a  HgCdTe  MIS  device  as  a  function  of 
deflection. 


Fig.  3.  Polarization  vectors  generated  in  HgCdTe  by  compressive  or 
tensile  stresses  from  bending  the  HgCdTe/Si  hybrid  structure. 
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Fig.  4.  Effect  of  bending  the  HgCdTe/Si  hybrid  structure  on  J-V 
characteristics  of  diodes  built  on  the  HgCdTe. 


Reverse  Bias  (V) 

Fig.  5.  Current-voltage  curves  of  the  diodes  used  fortesting  piezoelec¬ 
tric  effects  in  HgCdTe  devices. 

junction  is  different  from  the  bottom  portion  of  the 
junction.  If  [100]-oriented  HgCdTe  is  used,  only  ex- 
tensional  strains  and  no  shear  strains  are  generated 
during  cryogenic  cool  down.  Therefore,  no  piezoelec¬ 
tric  polarizaton  will  be  induced  and  the  diodes  built  on 
the  [100]  surfaces  will  not  be  affected.  Nevertheless, 
average  good  HgCdTe  diodes  do  not  show  tunnel 
breakdown  until  biased  to  several  hundred  mV.  There¬ 
fore,  the  variations  in  field  may  not  have  significant 
impact  on  dark  currents.  The  junctions  in  mesa  di¬ 
odes  do  not  have  sidewalls  but  the  edges  of  the  mesas 
may  be  subject  to  extraneous  thermal  stresses. 

For  the  case  of  uniaxial  stresses,  such  as  the  one 
applied  to  the  HgCdTe  in  the  present  cantilever  test 
system,  we  can  use  Eq.  (5)  and  Eq.  (6)  to  calculate  the 
polarization  field  in  the  junction.  Assuming  the  amount 
of  deflection  was  20  mils,  which  generates  a  strain 
similar  to  that  caused  by  coefficient  of  thermal  expan¬ 
sion  (CTE)  mismatch  (-0.078%),  the  induced  field 
becomes 


Ex  =  545  *  cosG  V/cm  (11a) 

E2  =  545  *  sin0  V/cm  (lib) 

E3  =  920  V/cm  (11c) 


Fig.  6.  Dark  current  densities  at  20  mV  reverse  bias  in  HgCdTe  test 
diodes  under  different  amounts  of  tensile  and  compressive  stresses. 


where  0  is  an  azimuth  angle  determined  by  the 
orientation  of  the  (lll)A  HgCdTe.  This  electric  field 
is  not  perpendicular  to  the  surface  but  at  a  slant  angle 
as  shown  in  Fig.  3.  Eg  being  the  vertical  component 
behaves  the  same  way  as  the  one  induced  by  the 
biaxial  stress  but  at  half  the  strength.  Ex  and  E2  is  the 
lateral  component  that  increases  the  built-in  field  on 
one  side  of  the  junction  while  decreases  that  on  the 
other.  This  component  reverses  direction  when  the 
direction  of  deflection  is  reversed. 

For  the  case  of  line  stresses  such  as  those  created  at 
the  edges  of  insulators  or  metal  field  plates,  the 
induced  electric  field  is  more  complex.2  The  electric 
field  varies  with  the  distance  and  angle  from  the 
edges  and  can  be  quite  high.  It  can  change  the  field  in 
the  depletion  region  and  the  carrier  distribution. 

Figure  4  shows  the  dark  current  density  as  a  func¬ 
tion  of  reverse  bias  voltage  ( Jd  vs  V)  for  a  planar  diode 
(-30  mil2)  fabricated  on  (lll)B  HgCdTe,  measured  at 
two  different  stress  levels.  The  amounts  of  deflection 
were  0  and  -20  mils,  respectively.  The  curve  shifted 
toward  the  right  (positive)  by  -20  mV  upon  compres¬ 
sive  stress.  This  is  consistent  with  a  change  in  the 
depletion  region  field  from  the  piezoelectric  effects. 
The  amount  of  shift,  however,  was  smaller  than 
expected. 

Figure  5  shows  the  the  dark  current  density  as  a 
function  of  reverse  bias  voltage  (Jd  vs  V)  for  diodes  of 
different  areas.  The  dark  current  came  from  the 
perimeter  of  the  diodes  due  to  generation-recombina¬ 
tion  (g-r),  which  was  attributed  to  a  high  stress  in  the 
metal  field  plate.  Figure  6  shows  the  dark  current 
density  of  the  diodes  as  a  function  of  the  deflection  in 
the  cantilever  beam.  The  dark  current  increased 
significantly  when  the  cantilever  beam  was  deflected 
more  than  20  mils  in  the  direction  of  tension,  while 
remaining  relatively  constant  when  deflected  less 
than  20  mils.  The  changes  were  reversible  indicating 
that  no  permanent  damage  was  done  to  the  HgCdTe. 
This  can  only  be  explained  by  the  piezoelectric  effects. 
The  induced  field  was  too  small  to  change  the  elec¬ 
tronic  structure  of  the  HgCdTe.  The  piezoelectric 
polarization  field  upon  tension  is  in  the  same  direc¬ 
tion  as  the  built-in  field  and  increases  with  the  amount 
of  deflection.  This  results  in  increase  in  the  field- 
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dependent  dark  currents  and  eventual  junction  break¬ 
down. 

The  dark  current  also  increased  when  the  can¬ 
tilever  beam  was  deflected  more  than  20  mils  in  the 
direction  of  compression.  This  increase,  though  less 
rapidly,  cannot  be  explained  by  the  vertical  compo¬ 
nent  of  the  polarization  field,  which  is  opposite  to  the 
direction  of  the  built-in  field.  It  can  be  explained  by 
the  horizontal  component  of  the  polarization  field  as 
shown  in  Fig.  3.  This  component  increases  the  built- 
in  field  of  a  certain  sidewall  portion  of  the  junction  and 
results  in  an  increase  in  dark  current  by  breakdown 
mechanisms. 

CONCLUSION 

We  have  measured  the  piezoelectric  constant  of 
Hg0  78Cd022Te  by  using  a  cantilever  beam  technique. 
This  represents  the  first  time  this  parameter  has 
been  measured  to  be  -0.0136  C/m2.  This  value  is  small 
compared  with  CdTe  or  other  zinc-blende  semicon¬ 
ductors.  However,  hybridized  HgCdTe/Si  devices  can 
develop  substantial  amounts  of  thermal  stress  from 
during  cool  down  due  to  the  CTE  mismatch  or  me¬ 
chanical  stress  from  device  fabrication.  Electric  fields 
larger  than  50%  of  the  built-in  field  can  be  induced  in 
the  HgCdTe  for  the  hybridized  HgCdTe/Si  devices 
from  the  thermal  stress  alone.  This  field  can  cancel 
that  in  the  depletion  region  if  the  diodes  are  on  (lll)A 
surface  and  reinforce  it  if  on  the  (lll)B  surface. 
Attempts  have  been  made  to  assess  the  effect  on  diode 
performance.  The  results  qualitatively  agreed  with 


theory.  Reverse-bias  dark  current  in  a  regular  diode 
can  be  affected  by  such  a  field,  especially  the  diodes 
with  inferior  dynamic  resistance.  Other  device  pa¬ 
rameters  such  as  noise  is  expected  to  be  affected  in  a 
similar  fashion,  i.e.,  that  diodes  with  large  bias- 
dependent  noise  current  may  show  more  significant 
changes  in  noise  under  stress.  By  properly  orienting 
the  HgCdTe  with  respect  to  strain  directions,  the 
effect  on  device  performance  may  be  minimized  or 
improved. 
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1/f  Noise  and  Material  Defects  in  HgCdTe  Diodes 
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1/f  noise  is  measured  on  long  wavelength  diodes  as  a  function  of  device  geometry, 
band  gap,  temperature,  diode  bias,  and  anneal  temperature  for  a  Te-rich  CdTe 
passivation  layer.  The  results  show  that  for  these  diodes  the  1/f  noise  is  a  bulk 
phenomena  due  to  the  modulation  of  generation  recombination  current  associ¬ 
ated  with  defects  formed  by  the  interdiffusion  of  Te-rich  CdTe,  and  that  these 
defects  are  located  in  the  junction  region.  No  1/f  noise  is  observed  for  the  lowest 
interdiffusion  anneal  temperature. 

Key  words:  1/f  noise,  CdTe  passivation,  HgCdTe  IR  diodes 


INTRODUCTION 

1/f  noise  is  a  recurring  topic  of  vital  importance  to 
the  operation  of  HgCdTe  photodiodes.  Several  sources 
of  1/f  noise  have  been  suggested:  1/f  noise  theories 
proposing  modulation  of  surface  tunneling  current1  or 
surface  recombination  velocity  fluctuations2  are  moti¬ 
vated  by  the  desire  to  associate  modulation  of  dark 
currents  (either  tunneling  or  diffusion)  with  slow 
processes  related  to  insulator  trapping.  Many  theo¬ 
ries  for  bulk  1/f  noise  processes  based  on  mobility 
fluctuations  have  been  proposed3  but  are  difficult  to 
prove  and  in  some  cases  conflict  with  experiment.4  In 
general,  it  is  difficult  to  envision  a  slow  process  such 
as  is  required  for  1/f  noise  that  takes  place  in  the  bulk 
of  homogeneous  samples  of  a  narrow  band  gap  semi¬ 
conductor  such  as  HgCdTe. 

One  class  of  candidates  for  a  heterogeneous  source 
of  1/f  noise  is  material  defects.  Theoretical  studies 
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(such  as  in  Ref.  5)  have  speculated  as  to  the  nature  of 
defects  in  HgCdTe,  and  fluctuations  in  defect  states 
have  been  proposed  as  a  potential  source  of  1/f  noise.6 
Empirical  relationships  between  1/f  noise  and  defects 
have  been  observed:  Williams4  inferred  a  relationship 
between  flux  induced  1/f  noise  and  bulk  defects.  List7 
showed  that  1/f  noise  correlated  to  shallow  etch  pits, 
dislocation  multiplication,  and  clustering.  In  both 
studies,  the  defects  were  unintentionally  introduced 
via  material  growth. 

This  work  differs  in  that  we  study  1/f  noise  in 
devices  fabricated  on  material  in  which  defects  are 
intentionally  introduced  via  controlled  interdiffusion 
at  the  Te-rich  CdTe/HgCdTe  interface.  By  intention¬ 
ally  introducing  these  defects,  we  are  able  to  draw  a 
more  direct  correlation  between  them  and  the  1/f 
noise  produced. 

This  study  is  also  different  in  that  it  studies  the 
empirical  relation  between  1/f  noise  and  a  number  of 
parameters:  interdiffusion  anneal  temperature  (IDT), 
band  gap,  temperature,  diode  bias,  and  device  geom- 
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a  b  c 

Fig.  1 .  Photos  of  defect-etched  LPE  films,  ali  from  the  same  growth  run  but  receiving  different  interdiffusion  anneals.  Distance  between  crosshairs 
=  40  fim.  (a)  Control  (b)  300°C  interdiffusion  anneal,  and  (c)  400°C  interdiffusion  anneal. 


Table  I.  Interdiffusion  Temperatures  and  Vacancy 
Concentration  from  Hall  Measurements 

Inter  diffusion 

Vacancy 

Temperature  (°C) 

Concentration  (cm-3) 

250 

2.3  x  1016 

300 

8.1  x  1016 

350 

1.7  x  1017 

400 

4.0  x  1017 

etry.  Through  correlation  of  these  empirical  studies, 
we  are  able  to  better  define  the  nature  of  the  1/f  noise 
and  the  location  of  the  noise  producing  centers. 


EXPERIMENTAL 

In  this  study,  all  diodes  are  formed  by  ion  im¬ 
plantation  into  thick  (greater  than  50  mm)  long  wave¬ 
length  liquid  phase  epitaxy  (LPE)  films.  The  frontside 
is  passivated  with  evaporated  Te-rich  CdTe  and  an¬ 
nealed  in  an  inert  environment  prior  to  ion  im¬ 
plantation  to  set  the  vacancy  concentration.  Since  no 
p-type  dopants  were  intentionally  introduced  into 
these  films,  the  acceptor  concentration  is  set  by  the 
vacancy  concentration. 

Table  I  shows  the  four  interdiffusion  anneal  tem¬ 
peratures  (IDT)  used  in  this  study  and  the  corre¬ 
sponding  vacancy  concentrations  as  determined 
independently  by  Hall  measurements.  This  anneal 
also  interdiffuses  the  front  surface  and  is  commonly 
used  throughout  the  industry  to  produce  a  high  qual¬ 
ity  CdTe-HgCdTe  interface. 

The  defects  introduced  through  the  interdiffusion 
of  Te-rich  CdTe  have  not  been  explicitly  identified. 
However,  when  interdiffused  samples  are  defect 
etched,  larger  scale  defects — including  dislocation 
clusters  and  dislocation  multiplication — are  typically 
observed  on  films  interdiffused  at  higher  tempera¬ 
tures,  but  are  not  evident  on  films  interdiffused  at 
lower  temperatures,  as  shown  in  Fig.  1.  This  does  not 


imply  the  absence  of  defects  from  films  interdiffused 
at  lower  temperatures,  but  that  finer  techniques  may 
be  necessary  to  observe  and  identify  them. 

The  range  of  bandgaps  and  acceptor  concentrations 
covered  in  this  work  precludes  a  detailed  discussion  of 
process  parameters  used  in  fabricating  these  devices. 
However,  all  diodes  were  formed  by  boron  implanta¬ 
tion  through  a  ZnS/CdTe  cap  layer  at  energies  from 
100  to  150  keV  and  doses  of  1014  to  IQ15  cnr2 .  This  was 
followed  by  low  temperature  (100  to  150°C)  anneals 
sufficient  to  form  an  n~  region  dominated  by  residual 
donors  and  hence  avoid  tunneling  currents  due  to  an 
n+/p+ junction.  All  devices  had  diffusion  limited  resis¬ 
tance-area  products  and  reverse  bias  current  (mea¬ 
sured  at  50  mV)  at  80K  and  higher  test  temperatures. 

Noise  measurements  reported  in  this  study,  unless 
otherwise  stated,  were  made  at  50  mV  reverse  bias. 
We  report  the  1  Hz  value  of  the  noise  current  divided 
by  root  device  area,  and  refer  to  this  parameter  as  the 
noise  figure.  The  following  sections  show  the  depen¬ 
dence  of  the  noise  figure  on  geometry,  band  gap, 
temperature,  interdiffusion  anneal,  and  diode  bias. 

PARAMETRIC  DEPENDENCE 
OF  1/f  NOISE 

In  this  section,  we  present  the  dependence  of  the  1/f 
noise  on  several  parameters,  including  device  geom¬ 
etry,  band  gap,  temperature,  interdiffusion  anneal 
temperature,  and  diode  bias.  All  of  these  measure¬ 
ments  were  made  in  the  temperature  range  77  to 
120K.  As  the  results  will  show,  the  1/f  noise  in  this 
range  is  dominated  by  a  single,  thermally  activated 
process.  At  lower  temperatures,  other  noise  sources 
(associated  with  tunneling  processes)  dominate.  Con¬ 
sideration  of  the  low  temperature  processes  is  beyond 
the  scope  of  this  paper. 

Device  Geometry 

Figure  2  shows  relative  values  of  the  noise  figure 
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with  two  different  spatial  normalizations.  One  is  the 
noise  figure  described  above — the  noise  current  di¬ 
vided  by  the  square  root  of  the  device  area.  The  other 
is  the  noise  current  divided  by  the  square  root  of  the 
device  perimeter.  The  values  reported  for  each  area 
are  median  values  for  about  eight  to  ten  devices  from 
the  same  test  bar.  The  particular  data  shown  in  Fig. 
2  were  taken  at  110K  on  devices  from  a  test  bar 
receiving  a  350°C  interdiffusion  anneal,  but  the  depen¬ 
dences  illustrated  in  Fig.  1  are  typical  of  300  and 
400°C  interdiffusion  anneals  and  other  test  tem¬ 
peratures. 

The  data  show  that  the  appropriate  normalization 
is  to  device  area,  clearly  illustrating  that  the  1/f  noise 
has  a  bulk  source.  This  absence  of  a  perimeter  compo¬ 
nent  of  1/f  noise  also  indicates  that  the  interdiffused 
CdTe  interface  is  relatively  noise-free. 

Band  Gap 

Figure  3  shows  the  median  noise  figure,  measured 
at  87. 3K,  for  3  x  3  mil2  devices  on  several  test  bars 
with  cutoff  wavelengths  ranging  from  approximately 
9  to  12  mm.  All  test  bars  received  a  300°C  interdiffu¬ 
sion  anneal.  The  noise  figure  clearly  increases  as  the 
cutoff  wavelength  increases.  For  comparison  the  in¬ 
trinsic  carrier  concentration  n.  (times  a  scaling  factor 
of  2.5)  is  plotted  on  the  same  graph.  The  1/f  noise  and 
the  intrinsic  carrier  concentration  have  the  same 
dependence  on  cutoff  wavelength.  The  significance  of 
this  dependence  is  addressed  in  the  Discussion  sec¬ 
tion. 


2.73  4.00  9.00  30.00 

DEVICE  AREA  (MIL2) 

Fig.  2.  1/f  Noise  and  device  geometry:  noise  current  normalized  to 
either  area  or  perimeter  vs  device  area.  Xc  (77K)  =  10.2  pm.  (IDT  = 
Interdiffusion  anneal  temperature) 
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Fig.  3.  1/f  noise  vs  cutoff  wavelength. 
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Temperature 

Figure  4  shows  the  noise  figure  measured  vs  tem¬ 
perature  for  several  5x6  mil2  devices  on  test  bars 
receiving  interdiffusion  anneals  of 300, 350,  and400°C. 
Clearly  the  noise  is  thermally  activated  and  the 
activation  energies  are  reasonably  similar  for  the 
three  different  interdiffusion  anneals.  A  plot  of  the 
noise  figures  vs  intrinsic  carrier  concentration  (Fig.  5) 
shows  that,  just  as  for  cutoff  wavelength,  the  1/f  noise 
and  the  intrinsic  carrier  concentration  have  a  very 
similar  dependence  on  temperature. 

Interdiffusion  Anneal 

Figure  6  shows  the  noise  figure  plotted  vs  vacancy 
concentration  for  the  three  highest  interdiffusion 
anneal  temperatures  (IDT  =  interdiffusion  anneal 
temperature)  considered  in  this  study.  While  there  is 
clearly  a  correlation  between  the  1/f  noise  and  va¬ 
cancy  concentration,  this  should  not  be  interpreted  as 


1E+12  1E+13  1E+14  1E+15 


INTRINSIC  CARRIER  CONCENTRATION  (CM  3) 


CUTOFF  WAVELENGTH  (um) 

Fig.  5. 1/f  noise  vs  intrinsic  carrier  concentration.  Same  data  as  Fig.  4. 


VACANCY  CONCENTRATION  (CM*3) 

Fig.  6.  1/f  noise  vs  vacancy  concentration.  Xc  (77K)  =  10.2  pm. 
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Fig.  7.  1/f  noise  vs  diode  reverse  bias.  Xc  (77K)  =  10.1  urn. 


Fig.  8.  Noise  spectra  for  devices  fabricated  on  a  film  receiving  a  250°C 
interdiffuson  anneal.  (Xc  (77K)  =  9.8  pm.)  A  noise  spectrum  for  asimilar 
device  fabricated  on  a  film  receiving  a  300°C  interdiffusion  anneal  is 
shown  for  comparison.  (Xc  (77K)  =  1 0.0  pm.) 
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Fig.  S.  Schematic  showing  1/f  noise  producing  defects  (in  junction). 

a  causal  relationship.  The  interdiffusion  anneal  is  the 
driving  force  behind  setting  the  vacancy  concentra¬ 
tion  and  the  evidence  obtained  from  defect  etching 
interdiffiised  samples  indicates  that  it  is  the  driving 
force  behind  defect  production  as  well.  The  data  in 
Fig.  6  suggests  that  increasing  the  interdiffusion 
anneal  temperature  may  enhance  the  production  of  1/f 
related  defects  more  strongly  than  the  production  of 
vacancies. 

Diode  Bias 

Figure  7  shows  the  noise  figure  for  several  devices 
plotted  vs  reverse  diode  bias.  The  data  show  a  depen¬ 
dence  of  1/f  noise  on  diode  bias,  even  at  biases  greater 
than  one  or  two  kT/q.  This  is  significant  because  any 
noise  carried  by  a  diffusion  current  would  not  be 
expected  to  have  a  significant  bias  dependence  past 
one  or  two  kT/q.  The  implication  is  that  the  spatial 


location  of  defects  responsible  for  1/f  noise  is  not  in  the 
neutral  n  or  p  regions  but  in  the  junction  itself.  These 
particular  data  were  taken  at  100K  on  devices  from  a 
test  bar  receiving  a  350°C  interdiffusion  anneal,  but 
the  essential  features  of  the  bias  dependence  are 
typical  of  300  and  400°C  interdiffusion  anneals  and 
other  test  temperatures. 

Results  for  250°C  Interdiffusion  Anneals 

Figure  8  shows  the  noise  spectra  at  87. 3K  for 
several  2x2  mil2  devices  fabricated  on  a  test  bar  that 
received  a  250°C  interdiffusion  anneal.  A  noise  spec¬ 
trum  for  a  similar  device  on  a  film  receiving  a  300°C 
interdiffusion  anneal  is  shown  for  comparison.  No  1/f 
noise  is  observed  on  the  films  receiving  the  250°C 
interdiffusion  anneal — all  devices  are  shot  noise  lim¬ 
ited.  This  result  was  typical  of  this  particular 
inter  diffusion  temperature.  In  fact,  the  upper  limit  of 
the  1/f  noise  on  these  devices  is  below7  that  predicted 
from  the  trends  set  by  other  interdiffusion  anneals 
(such  as  is  suggested  by  Fig.  6,  for  example). 

DISCUSSION 

The  parametric  dependences  discussed  in  the  pre¬ 
vious  section  suggest  an  empirical  model  for  the  1/f 
noise.  The  area  (as  opposed  to  perimeter)  dependence 
indicates  that  the  source  of  noise  is  in  the  bulk. 
Furthermore,  the  fact  that  it  has  a  significant  bias 
dependence  even  past  a  few  kT/q  indicates  that  the 
noise  source  is  in  the  junction  itself  not  the  neutral  n 
or  p  regions.  The  strong  increase  with  interdiffusion 
anneal  temperature,  coupled  with  the  results  from 
defect  etching,  support  the  concept  of  a  defect  origin. 

The  fact  that  both  the  temperature  and  band  gap 
dependence  of  the  1/f  noise  follow  the  intrinsic  carrier 
concentration  suggests  that  a  generation-recombina¬ 
tion  current  is  being  modulated.  This  is  further  sup¬ 
ported  by  the  work  of  Kraak  et  al.8  Fie  studied  grain 
boundaries  (which  are  commonly  associated  with 
arrays  of  dislocations)  in  p-type  FIgCdTe  and,  using 
cyclotron  resonance,  established  the  existence  of  in¬ 
version  layers  around  these  grain  boundaries. 

The  picture  that  is  assembled  from  these  facts  is 
illustrated  in  Fig.  9.  While  the  interdiffusion  process 
may  give  rise  to  defects  (such  as  dislocation  clusters 
and  multiplication)  throughout  the  HgCdTe,  it  is  only 
those  defects  actually  located  in  the  junction  that 
contribute  to  the  1/f  noise.  Modulation  of  the  genera¬ 
tion-recombination  current  in  the  depletion  regions 
around  these  defects  (judging  from  Kraak’s  results, 
just  on  the  p  side  of  the  junction)  gives  rise  to  1/f  noise, 
suggesting  a  slow  process  associated  with  these  de¬ 
fects. 

The  results  for  the  lowest  (250°C)  anneal  tem¬ 
perature  suggest  that  very  few  defects  are  created  at 
this  temperature  or  that  an  essential  part  of  the 
noise-producing  process  is  absent.  The  latter  possiblity 
may  be  simply  explained  by  a  lower  threshold  for 
inversion  for  lower  acceptor  concentrations.  At  such 
concentrations,  the  surface  around  the  defects  in¬ 
verts,  and  the  slow7  processes  associated  with  the 
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defects  will  modulate  the  width  of  the  inversion  layer 
rather  than  the  generation-recombination  current 
associated  with  the  depletion  region,  so  no  genera¬ 
tion-recombination  related  1/f  noise  will  result. 

CONCLUSIONS 

We  have  measured  1/f  noise  on  long  wavelength 
diodes  fabricated  on  thick  LPE  films  passivated  with 
interdiffused  CdTe  as  a  function  of  several  process, 
test,  and  device  parameters.  The  dependence  of  the  1/f 
noise  on  interdiffusion  anneal  temperature  suggests 
the  1/f  noise  results  from  defects  introduced  by  the 
interdiffusion  process,  while  the  dependence  of  the 
noise  on  bias  and  device  geometry  show  that  the 
responsible  defects  lie  in  the  bulk  and  at  the  junction. 
Measurements  of  the  temperature  and  band  gap 
dependence  of  the  1/f  noise  suggest  that  generation- 
recombination  current  is  modulated  to  produce  the  1/f 
noise.  The  absence  of  1/f  noise  at  lowest  anneal  tern- 
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peratures  suggests  the  absence  of  noise-producing 
mechanisms  at  the  lower  acceptor  concentrations,  or 
the  absence  of  defects  at  low  interdiffusion  anneal 
temperatures. 
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Characterization  of  Liquid-Phase  Epitaxially  Grown  HgCdTe 
Films  by  Magnetoresistance  Measurements 
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In  this  paper,  we  demonstrate  that  measurements  of  the  magnetoresistance  can 
be  used  as  a  valuable  alternative  to  conventional  characterization  tools  to  study 
transport  properties  of  advanced  semiconducting  materials,  structures,  or 
devices.  We  have  measured  magnetoresistance  on  two  different  systems,  namely, 
three  liquid-phase  epitaxially  grown  HgCdTe  films  and  two  GaAs-based  high- 
electron-mobility-transistor  (HEMT)  structures.  The  results  are  analyzed  by 
using  a  two-carrier  model  as  a  reference  in  the  context  of  the  reduced-conductiv¬ 
ity-tensor  scheme.  The  HEMT  data  are  in  quantitative  agreement  with  the  two- 
carrier  model,  but  the  HgCdTe  data  exhibit  appreciable  deviations  from  the 
model.  The  observed  deviations  strongly  indicate  a  mobility  spread  and  material 
complexity  in  the  HgCdTe  samples  which  are  probably  associated  with 
inhomogeneities  and  the  resulting  anomalous  electrical  behavior. 
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INTRODUCTION 

Measurement  of  magnetoresistance  (referred  to  as 
MR  for  brevity)  has  been  shown  in  the  past  to  be  a 
valuable  tool  for  studying  complex  energy  bands  of 
semiconductors.1  It  has  also  been  used  to  extract  the 
carrier  mobilities.2*3  However,  this  valuable  physical 
quantity  has  seldom  been  used  to  electrically  charac¬ 
terize  advanced  semiconductor  materials,  structures, 
or  devices,  primarily  because  of  the  complexity  in¬ 
volved  in  the  analytical  expression  of  the  MR.  For 
example,  the  evaluation  of  MR  involves  ensemble¬ 
averaging  over  a  third-order  power  of  the  relaxation 
time,  while  evaluation  of  the  conductivity  and  Hall 
coefficient  requires  only  the  first-  and  second-order 
power  ensemble  averaging,  respectively.1-3  There¬ 
fore,  the  complexity  may  discourage  many  workers 
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from  using  the  MR  measurement  as  a  characteriza¬ 
tion  tool,  since  it  masks  a  simple  physical  picture 
needed  for  the  data  interpretation.  This  complexity  is 
inherent  and  cannot  be  avoided  in  general.  However, 
it  can  be  appreciably  reduced  in  special  cases  of  a 
practical  interest,  such  as  shown  in  this  work. 

The  objectives  of  this  paper  are  twofold: 

®  to  demonstrate  that  MR  measurements  are  an 
alternative  characterization  tool,  and 
®  to  supplement  earlier  characterization  results  of 
GaAs-based  high-electron-mobility-transistor 
(HEMT)  structures4  and  liquid-phase  epitaxially 
grown  (LPE)  HgCdTe  films5  via  reduced-conduc¬ 
tivity-tensor  (RCT)  measurements. 

The  magnetoresistance  is  an  extremely  useful  physi¬ 
cal  quantity  for  the  electrical  characterization  of  ad¬ 
vanced  semiconductor  materials,  structures,  or  de¬ 
vices. 

The  MR  data  obtained  from  variable-magnetic-field 
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Fig.  1 .  Magnetoresistance  plots  for  two  HEMT  van  derPauw  structures 
at  75K.  The  parameters  used  in  the  fits  (solid  curves)  are:  u1  =-13.1 
m2,  u 2  =  -0.30  m2/Vs},  and  f  =  0.1 67  for  HEMT-A,  and  u1  =  -1 3.9  m2/ 
Vs,  ju.,=  -0.32  m2/Vs,  and  f=  0.868  for  HEMT-B.  The  value  of  W0  is 
calculated  from  the  fits  (solid  curves). 

Hall  (VMFH)  measurements  are  analyzed  in  the 
context  of  the  two-carrier  model  of  the  MR  which  is 
based  on  the  RCT  scheme.4  We  take  advantage  of  the 
simple  relationships  between  the  MR,  the  applied 
magnetic  field,  and  the  relevant  physical  quantities 
in  the  two-carrier  model  of  the  MR.6  In  this  paper,  we 
briefly  review  the  formulation  of  the  MR  model,  par¬ 
ticularly  the  two-carrier  model,  in  the  context  of  the 
RCT  scheme  in  the  next  section,  followed  by  interpre¬ 
tation  of  experimental  data  in  the  section  on  compari¬ 
son  with  experimental  results.  In  the  last  section,  we 
summarize  the  results  of  the  present  MR  work. 

MODEL  FORMULATION 


measurement  configuration  used  in  this  work.  The 
experimental  value  of  the  sheet  resistance  R(H)  or 
M(H)  can  be  obtained  from  the  VMFH  measurement. 
On  the  other  hand,  the  analytical  sheet  resistance  can 
be  expressed  in  terms  of  the  two  components  of  the 
conductance  tensor  as  follows: 


R(H)  = 


G„(H) 

CH(H)  +  GL(H) 


where  G^H)  and  G  (H)  are  the  longitudinal  and 
transverse  components  of  the  conductance  tensor, 
respectively,  and  material  isotropy  is  valid.  From  Eq. 
(1)  and  Eq.  (2),  we  can  then  obtain  an  analytical 
expression  for  the  MR.  The  resulting  expression  usu¬ 
ally  is  not  very  effective  in  correlating  the  experimen¬ 
tally  obtained  MR  with  other  transport  parameters.1-3 
This  complication  can  be  alleviated  by  using  the  RCT 
scheme. 

In  the  RCT  scheme,  the  longitudinal  element,  X(H), 
and  the  transverse  element,  Y(H),  of  the  RCT  as  a 
function  of  the  magnetic  field  are  defined  as  follows 
for  a  J-fold  multicarrier  system:4 


X  =  G„ (H)  /  G(0)  =  X  Xj ;  Y  =  Gxy  (H)  /  G(0)  =  ]T  ' X  (3) 

j=i  “  j=i 

where  the  factor  2  in  the  original  definition4  of  Y  is 
omitted  deliberately  for  simplicity.  For  most  systems 
of  practical  interest,  the  value  of  J  probably  may  not 
exceed  three.  However,  the  samples  associated  with 
inhomogeneities,  in  principle,  can  be  considered  as  an 
infinity-fold  multicarrier  system.  The  two  RCT  com¬ 
ponents,  Xj  and  Yj?  for  the  jth-carrier  component  in  Eq. 
(3)  are  given  by:4 


.  Y  _  f^H  .  f  _  jfe  (4) 

2’  j~  1+fuTif 


A  general  treatment  of  the  MR  in  the  RCT  scheme 
is  outside  the  scope  of  this  paper  and  presented 
elsewhere.6  In  this  section,  we  briefly  review  key 
aspects  of  the  MR  formulated  in  the  RCT  scheme.  In 
particular,  we  present  here  a  detailed  description  of 
the  two-carrier  model  of  MR,  since  our  interpretation 
of  the  experimental  results  depends  primarily  on  this 
model. 

Magnetoresistance  in  RCT  Scheme 

We  define  the  magnetoresistance,  M,  as  a  function 
of  the  magnetic  field,  H,  as  follows: 


where  R(H)  is  the  longitudinal  (parallel  to  the  electric 
field)  element  of  the  resistance  tensor;  i.e.,  the  sheet 
resistance,  and  R(0)  is  its  value  at  H  =  0.  We  have  here 
intentionally  used  the  sheet  resistance,  R(H),  instead 
of  the  resistivity  to  conform  with  the  van  der  Pauw 


where  Sj  is  the  sign  of  carrier  charge  which  is  the  same 
as  the  sign  of  the  mobility,  p;  i.e.,  Sj  =  -1  for  the 
electrons  and  s.  =  +1  for  the  holes.  The  unitless 
parameter  f  can  be  interpreted  as  the  fractional 
contribution  of  the  jth  carrier  to  the  net  conductance 
where  h4  and  \±.  are  the  sheet  density  and  mobility  of 
the  jth-carrier  component,  respectively.  The  sheet  den¬ 
sity  of  the  jth-carrier  component  can  be  obtained  from 
N.  =  fjGCCOAqSjPp,  where  q  is  the  magnitude  of  the 
electron  charge.  Note  that  f  =  1  for  one-carrier  sys¬ 
tems.  A  corollary  to  this  is  that  f.<l  for  multicarrier 
systems.  From  Eq.  (1)  to  Eq.  (4),  the  MR  in  the  RCT 
scheme  can  be  expressed  as: 

M(H,=iTf-i  <6) 

The  MR  can  now  be  expressed  as  a  function  of  the 
magnetic  field  and  sets  of  parameters  (f ,  j r),  each 
being  associated  with  a  particular  carrier  component 
in  multicarrier  systems  from  Eq.  (3)  to  Eq.  (4). 
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Two-Carrier  Model  of  Magmetoresistance 

In  order  to  closely  examine  the  dependence  of  the 
MR  on  relevant  variables,  we  consider  here  the  sim¬ 
plest  case,  namely,  a  two-carrier  system  as  an  ex¬ 
ample  (one-carrier  systems  always  result  in  a  null  MR 
in  the  RCT  scheme  as  is  seen  shortly).  The  MR  for  two- 
carrier  systems  is  given  by:6 

Md(H)=i1°(S  r  p^/A)-f  (6) 

where  A  (=  p2)  is  the  mobility  difference,  and  f  =  f: 
(note  that  f2  =  1  -  f:  =  1  -  f).  The  subscript  D  here 
denotes  two-carrier  systems.  Note  that  both  a  and  p 
are  unitless,  which  is  an  attractive  characteristic  of 
the  MR  expression  in  the  RCT  scheme.  From  Eq.  (6), 
it  is  obvious  that  the  MR  of  a  two-carrier  system  is 
proportional  to  the  squares  of  the  mobility  difference 
(A)  and  the  magnetic  field.  Note  that  the  MR  is  also 
proportional  to  f(l  -  f)  (=fxf2)  for  two-carrier  systems, 
which  provides  a  simple,  clear  physical  picture.  This 
is  not  so  explicit  in  the  conventional  expression.1-3 

From  Eq.  (6),  it  is  easily  shown  that  an  ideal  one- 
carrier  system  should  have  a  null  MR  since  f  =  1  and 
hence  a  =  0.  Therefore,  the  two-carrier  systems  are 
the  simplest,  nontrivial  case,  and  hence,  we  examine 
in  further  details  the  behavior  of  the  MR  for  two- 
carrier  systems  which  is  represented  by  Eq.  (6).  First, 
we  define  the  transition-field  as  HD  =  1/(J3A).  In  the 
low-field  region  (H«HD),  MD(H)~(aAH)2  =  f(l  -  )(p1- 
p2)2H2  which  results  in  a  slope  of  two  in  a  log-log  plot 
of  the  MR  vs  magnetic  field  (simply  called  MR-plot). 
In  the  high-field  region  (H»  HD),  a  saturation  sets  in, 
and  the  saturation  MR  is  given  by  M(oo)=(a/p)2. 

Another  parameter  of  importance  is  the  transition 
width  which  characterizes  the  transition  from  the 
low-to-high  field  region  (see  Fig.  1).  We  define  here 
the  transition-width,  W,  as  the  logarithmic  width  of 
the  magnetic  field  region  where  the  slope  of  the  MR- 
plot  decreases  from  1.8  to  0.2  (10%  to  90%  reduction 
from  the  low-field  slope  of  2.0  for  two-carrier  systems) 
as  the  field  increases.  This  definition  results  in  WD  = 
log10  (H/H^  -  log109  for  two-carrier  systems,  where  H  , 
(=  Hd/3)  and  H2  (=  3HD)  are  the  lower  limit  and  upper 
limit  of  the  transition  region.  Note  that  the  transi¬ 
tion-field  Hd  is  the  logarithmic  mid-point  of  these  two 
limits  at  which  the  slope  takes  a  unity  value.  The 
value  log109  (-0.954)  is  numerically  unique  to  all  two- 
carrier  systems  and  hence  can  be  used  as  a  criterion 
for  the  two-carrier  system. 

Key  features  predicted  by  the  two-carrier  model  of 
MR  can  be  summarized  via  an  MR-plot  as  follows: 

®  In  the  low-field  region  (H<H1),  the  MR-plot  should 
exhibit  approximately  a  slope  of  two;  i.e.,  M(H)  ~ 
(aAH)2. 

®  In  the  high-field  region  (H>H2),  the  MR-plot 
should  exhibit  a  saturation.  The  saturation  value 
of  the  MR  is  given  by  M(©°)=  (oc/(3)2. 

®  The  transition-width  should  be  given  by  WD  = 


log109  «  0.954. 

All  of  these  features  are  graphically  demonstrated 
by  the  HEMT  data  (Fig.  1),  the  description  of  which 
will  follow  shortly.  On  the  other  hand,  the  HgCdTe 
data  (Fig.  2)  exhibit  appreciable  deviations  which  we 
exploit  in  the  third  part  of  the  next  section  to  char¬ 
acterize  these  LPE  samples. 

Generalization  of  Two-Carrier  Model 

We  also  review  briefly  a  generalization6  of  the  two- 
carrier  MR  model,  since  it  gives  insight  into  the 
interpretation  of  the  HgCdTe  data  to  be  presented 
below  in  mobility-spread  and  HgCdTe  samples  sec¬ 
tion.  Evaluation  of  MR  in  multicarrier  systems  in¬ 
volving  three  or  more  carrier  components  (J  >  3)  is 
complex.  Here  we  present  the  implications  when  the 
two-carrier  model  is  extended.  The  extension  involves 
calculation  of  various  inter-carrier  coupling  coeffi¬ 
cients  (a  two-dimensional  matrix)  as  a  function  of  the 
corresponding  carrier  mobilities  and  f-parameters 
(carrier  concentrations)  where  the  relative  magnitude 
of  each  coupling  coefficient  depends  on  a  particular 
system.6  In  this  atomistic  approach  of  the  RCT  scheme, 
any  real  system  can  be  considered  as  a  near-infinity¬ 
fold  multicarrier  system  even  though  only  the  contri¬ 
butions  of  a  few  dominant  carrier  components  are 
important.  This  RCT  approach  is  an  alternative  to  the 
conventional  statistical  approach  of  ensemble  averag¬ 
ing.  Evaluation  of  the  MR  in  the  conventional  method 
is  extremely  complex,  and  the  real  physical  picture  is 
often  lost  or  hidden,1-3  in  contrast  to  the  RCT  method 
which  often  provides  a  simple  physical  picture  and 
the  ease  of  numerical  calculations.  A  formal  expres¬ 
sion  of  the  MR  for  a  J-fold  (J  =  1,  2,  3, ...)  multicarrier 


Fig.  2.  Magnetoresistance  plots  for  the  LPE  HgCdTe  samples,  MCT- 
i,  MCT-II,  and  MCT-III,  at  75K.  Symbols  and  the  solid  curves  represent 
the  experimental  data  and  two-carrier  fits,  respectively.  The  param¬ 
eters  used  in  these  fits  are  extracted  from  the  two-carrier  fits  of  the  RCT 
data.  The  dashed  line  represents  the  H2-dependence. 
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Table  L  A  List  of  Parameters  Used  in  Two-Carrier  Fits  of  the  Magnetoresistance  Data  at  75K 


Sample 

f 

ji  (mWi s) 

A  (mWs) 

a 

p 

Hd  (T) 

HEMT-A 

0.167 

-13.1 

-12.8 

0.373 

0.857 

0.091 

HEMT-B 

0.868 

-13.9 

-13.6 

0.339 

0.154 

0.477 

MCT-I 

0.944 

-15.3 

-12.0 

0.230 

0.330 

0.252 

MCT-II 

0.899 

-22.3 

-19.1 

0.301 

0.269 

0.195 

MCT-III 

0.681 

-1.35 

-2.18 

0.466 

-0.063 

7.230 

Note:  Parameters  f  =  q  =  1  -  f2,  u  =  \xp  and  A  (=tu1  - 1 12)  are  extracted  from  two-carrier  fits  of  TCT  data.  The  residual  errors  in  the  two-carrier 
fit  are  less  than  fractions  of  1%;  f,  a,  and  p  are  unitless. 


system  can  be  written  as  follows:6 


Mj(H) 


H2X 


(7) 


where  a.  and  b-  are  coefficients  which  depend  only  on 
the  carrier  mobilities  and  ^parameters  (sheet  carrier 
densities).  Note  that  the  term  H2  is  factored  out  and 
the  first  term  in  the  denominator  is  unity  in  Eq.  (7). 
The  expression  reduces  to  Eq.  (6)  for  two-carrier 
systems  (J  =  2)  and  also  results  in  a  null  value  for  an 
ideal  one-carrier  system  (J  =  1). 


COMPARISON  WITH  EXPERIMENTAL 
RESULTS 


Measurements 

The  experimental  values  of  MR  used  in  this  paper 
are  evaluated  from  Eq.  (1)  by  using  the  sheet  resis¬ 
tance  data  which  were  obtained  from  the  VMFH 
measurements.  Details  of  the  VMFH  technique  are 
described  elsewhere.4  The  samples  used  in  this  work 
are  two  GaAs-based  HEMT  structures  (HEMT-A  and 
HEMT-B)  used  in  Ref.  4,  and  three  LPE  HgCdTe  films 
used  in  Ref.  5.  The  three  LPE  HgCdTe  samples  are  a 
normal  sample  (Type  I),  a  mildly  anomalous  samples 
(Type  II),  and  a  highly  anomalous  sample  (Type  III), 
labeled  as  MCT-I,  MCT-II,  and  MCT-III,  respectively. 
See  Ref.  4  for  details  of  the  growth  and  structure  of  the 
HEMTs,  and  Ref.  5  for  the  details  of  the  growth  and 
typology  for  the  LPE  HgCdTe  samples.  These  samples 
were  in  the  form  of  rectangles  (approximately  1.0  cm 
by  0.5  cm  for  the  HgCdTe  films  and  1.0  cm  by  1.0  cm 
for  the  HEMT  structures),  and  four  ohmic  contacts 
(indium)  were  formed  at  the  four  corners  as  van  der 
Pauw  probes.  The  film  thicknesses  of  MCT-I,  MCT-II, 
and  MCT-III  are  85,  84,  and  50  am,  respectively,  and 
the  alloy  x-value  is  approximately  0.22  for  all  three 
samples. 

Two-Carrier  Model  and  HEMT  Structures 

Figure  1  shows  the  MR-plots  at  75K  for  the  two 
HEMT  structures.  The  symbols  and  solid  curves  rep¬ 
resent  the  experimental  data  and  two-carrier  fits, 
respectively.  The  parameters  (f1,  jr1?  and  p2)  used  to  fit 
the  MR  data  in  Fig.  1  are  extracted  from  two-carrier 
fits  of  the  RCT  data.4  Table  I  lists  these  parameters. 


Also  listed  in  Table  I  are  values  of  a,  p,  A,  and  HD 
which  are  calculated  from  those  of  fp  \xv  and  p2.  The 
absolute  errors  in  the  measured  MR  values  are  esti¬ 
mated  to  be  less  than  0.5%  in  this  work,  the  main 
source  of  error  lying  in  the  determination  of  the  value 
of  the  zero-field  sheet  resistance  [see  Eq.  (1)].  There¬ 
fore,  the  size  of  the  symbol  representing  each  data 
point  in  Figs.  1-4  is  more  than  sufficient  to  represent 
adequately  the  error  range  except  in  the  very  low- 
field  region  (<0.01  T).  As  shown  in  Fig.  1,  the  agree¬ 
ment  between  the  HEMT  data  (dots)  and  the  two- 
carrier  model  (curves)  is  excellent.  The  HEMT  data 
meet  all  the  criteria  for  the  two-carrier  system  de¬ 
scribed  in  the  secton  on  Two-Carrier  Model  of  MR,  i.e., 
the  H2-dependence  in  the  low-field  region,  the  pres¬ 
ence  of  the  saturation  in  the  high-field  region,  and  a 
correct  value  for  the  transition- width  (approximately 
0.9  to  1.0)  as  shown  in  Fig.  1.  A  large  body  of  data 
taken  on  several  HEMT  structures  (not  shown  here) 
exhibits  similar  general  trends  as  shown  in  Fig.  1 
even  though  a  complete  saturation  is  often  not  real¬ 
ized  because  of  insufficient  field  values  used  in  this 
work  (<1.5  T). 

The  excellent  quantitative  agreements  indicate  that 
the  HEMT  structures  used  in  this  work  are  nearly 
ideal  two-carrier  systems,  and  the  two-carrier  model 
of  MR  used  here  is  essentially  correct  and  accurately 
describes  real  systems  of  a  two-carrier  nature.  This  is 
expected  for  the  HEMT  structures,  since  all  of  the 
main  assumptions  made  in  the  RCT  scheme  should  be 
valid  for  these  structures.  For  example,  the  HEMT 
structures  are  associated  with  a  degenerate  system  of 
the  two-dimensional  electron-gas  (2DEG),  and  the 
material  is  isotropic  in  the  xy-plane.  It  has  been 
already  demonstrated  that  the  RCT  data  taken  on 
these  HEMT  structures  can  be  explained  by  using  a 
two-carrier  model  of  RCT.4  Therefore,  we  use  the  two- 
carrier  model  of  MR  as  a  reference  to  interpret  the 
HgCdTe  data  below. 

Mobility-Spread  and  HgCdTe  Samples 

Figure  2  shows  the  MR-plots  of  HgCdTe  data  taken 
at  75K  for  the  three  LPE  samples,  MCT-I,  MCT-II, 
and  MCT-III.  In  contrast  to  the  HEMT  data,  the  two- 
carrier  fit  is  not  very  satisfactory  for  the  HgCdTe 
data.  The  values  of  fitting  parameters  (f,  jllp  and  p2)  for 
the  two-carrier  fits  represented  by  solid  curves  in  Fig. 
2  were  extracted  from  two-carrier  fits  of  the  RCT  data. 
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Nevertheless,  the  relevant  parameters  for  the  HgCdTe 
samples  are  listed  in  Table  I,  since  some  of  these 
parameters  have  some  qualitative  significance.  As 
shown  in  Fig.  2,  the  HgCdTe  data  exhibit  two  features 
which  are  markedly  different  from  the  HEMT  data, 
i.e.,  the  absence  of  any  indication  of  saturation  and 
also  the  absence  of  the  H2-dependent  region  within 
the  Field  range  (0.01  T  to  1.5  T)  used  in  this  work. 
[Strictly  speaking,  the  H2-dependence  and  the  satu¬ 
ration  should  occur  in  the  very  low  and  very  high  field 
regions,  respectively,  for  any  real  systems  as  indi¬ 
cated  by  Eq.  (7).]  In  particular,  the  slope  of  the  MR- 
plot  for  these  HgCdTe  samples  generally  is  lower  in 
the  low-field  region  and  higher  in  the  high-field  re¬ 
gion  than  for  the  HEMT  structures,  thus  resulting  in 
a  transition-width  which  is  too  large  for  two-carrier 
systems,  at  least  larger  than  the  width  of  the  entire 
field  range  used,  i.e.,  W>3.  These  deviations  from  the 
two-carrier  criteria  for  the  HgCdTe  samples  are  clearly 
revealed  by  poor  fits  as  shown  in  Fig.  2.  We  have 
experienced  similar  difficulties  with  the  two-carrier 
model  of  RCT  to  fit  the  RCT  data  taken  on  these 
samples  in  our  earlier  work.5  This  definitively  indi¬ 
cates  that  none  of  the  LPE  films  used  in  this  work  are 
adequately  described  by  a  simple  two-carrier  system. 
However,  it  is  interesting  to  note  that,  in  spite  of  all 
these  discrepancies,  the  two-carrier  model  still  can 
explain  qualitatively  the  relative  magnitude  of  the 
MR  among  different  samples  (see  Fig.  2  and  Table  I). 
This  suggests  that  some  of  the  behavior  of  these 
samples  still  can  be  described  qualitatively  by  the 
two-carrier  model  as  a  first-order  approximation. 

The  quantitative  disagreements  with  the  two-car¬ 
rier  criteria  observed  in  the  HgCdTe  samples  strongly 
indicate  that  these  samples  are  a  very  complex  sys¬ 
tem.  The  deviation  from  the  H2-dependence  in  the 
low-field  region,  the  absence  of  saturation,  and  a  large 
transition-width  all  strongly  suggest  an  appreciable 
spread  in  the  carrier  mobility  or  a  multicarrier  nature 
of  these  samples.  This  observation  is  directly  at  odds 
with  the  conventional  wisdom  that  high-quality  n- 
type  HgCdTe  samples  should  be  a  two-carrier  system 
(or  at  most,  a  three-carrier  system  consisting  of  elec¬ 
trons,  heavy  holes,  and  light  holes).  Granted  the 
existence  of  the  mobility  spread,  it  is  reasonable  to 
assume  that  mobility  values  range  approximately 
from  that  of  the  primary  carrier  mobility  (easily 
determined  from  the  RCT  fit)  to  a  much  smaller  value 
(probably  that  of  the  heavy  holes).  The  mobility  spread 
indicated  in  these  samples  may  result  from  either  the 
sample  inhomogeneities  (likely  resulting  in  a  con¬ 
tinuum  distribution)  or  the  discrete  multicarrier  na¬ 
ture  of  HgCdTe  associated  with  light  holes,  heavy 
holes,  electrons,  or  even  surface-layer  carriers  (re¬ 
sulting  in  a  discrete  distribution  consisting  of  several 
5-function-like  peaks).  Nonparabolicity  may  also  con¬ 
tribute  to  the  complex  behavior  of  these  samples,  but 
we  believe  that  this  effect  is  minimal  and  certainly 
cannot  be  considered  as  the  primary  effect  to  cause 
the  large  mobility  spread  indicated  in  this  work. 

Therefore,  neither  the  two-  nor  three-carrier  mod¬ 


els  fit  any  of  the  data  taken  on  HgCdTe  samples.  In 
order  to  proceed  further,  we  have  made  the  simplest 
simulation  available  which  can  fit  the  HgCdTe  data, 
namely,  a  four-carrier  fit  for  all  three  samples,  all  of 
which  are  adequate.  As  an  example,  the  result  for  the 
MCT-II  data  is  shown  in  Fig.  3  where  the  solid  curve 
represents  the  four-carrier  fit  and  the  dots  represent 
the  experimental  data  replicated  from  Fig.  2.  The 
parameters  used  in  the  simulation  are  p  [-30,  -10, 
-3,-1]  mWs  and  f  (0.847, 0.123, 0.019, 0.011).  We  use 
here  the  bold-faced  vector  notation  for  brevity  where 
the  bracket  and  the  parentheses  represent  the  pre¬ 
assigned  carrier  mobilities  (p)  and  free  fitting-param¬ 
eters  (f),  respectively.  The  reason  we  have  used  the 
pre-assigned  carrier  mobility  values  p  (a  four-param¬ 
eter  fit)  is  twofold:  First,  we  believe  that  any  fit  which 
involves  many  free  parameters  ( J>3)  is  not  necessar¬ 
ily  unique  and  may  be  physically  meaningless.  Sec¬ 
ondly,  it  is  best  to  choose  mobility  values  which 
represent  reasonably  well  the  mobility  spread  sug¬ 
gested  in  the  MR  data  but  are  still  within  a  reasonable 
physical  picture.  Note  that  the  four  mobility  values 
chosen  decrease  successively  by  about  a  factor  of 
three  from  that  of  the  primary  carrier  component  (-30 
mWs)  which  is  higher  than  the  value  of -22. 3  mWs 
which  is  extracted  from  a  two-carrier  fit  of  the  RCT 
data.  Similarly  satisfactory  fits  for  the  MCT-I  data 
and  MCT-III  data  are  as  follows:  the  MCT-I  data  with 
p  [-40, -14, -2-,  -O.IJmWs  andf  (0.062, 0.916, 0.018, 
0.004)  which  results  in  a  somewhat  less  satisfactory 
fit  than  those  of  MCT-II  and  MCT-III,  and  the  MCT- 
III  data  with  p  [-5,  4,  -1.5,  0.1]  mWs  and  f  (0.382, 
0.005,  0.437,  0.176).  See  Table  I  for  comparison  with 
the  two-carrier  parameters  extracted  from  the  RCT 
data.  In  reality,  the  carrier  mobility  associated  with 


MAGNETIC  FIELD  (T) 

Fig.  3.  A  four-carrier  fit  ofthe  MCT-II  datashown  in  Fig.  2.  Symbols  and 
the  solid  curve  represent  the  experimental  data  and  the  fit,  re¬ 
spectively.  The  four  mobility  values  are  pre-assigned  and  only  the 
values  of  the  fj  are  adjusted  in  the  fit. 
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Fig.  4.  Magneto  re  si  stance  data  are  plotted  vs  the  lattice  temperature 
for  three  LPE  HgCdTe  samples,  MCT-I,  MCT-ll,  and  MCT-ill,  atafixed 
magnetic  field  (0.95  T). 


inhomogeneities  can  have  either  a  continuum  or  dis¬ 
crete  (5-function  like)  distribution  as  mentioned  al¬ 
ready.  Therefore,  the  mobility  spread,  which  is  strongly 
suggested  by  satisfactory  four-carrier  fits  such  as 
shown  in  Fig.  3,  may  be  intimately  associated  with  the 
inhomogeneifies  in  these  samples.  Inhomogeneities 
are  evoked  to  explain  the  anomalous  behavior  of  LPE 
HgCdTe  samples,5’7  even  though  its  nature  and  origin 
are  not  very  clear  presently.  We  should  mention  here 
that  Herring8  has  predicted  a  contribution  of  the 
inhomogeneities  to  the  MR  which  is  proportional  to 
the  magnetic  field  and  the  variance  of  the  carrier 
density.  His  model  system  assumes  a  uniform  carrier 
mobility  but  a  position-dependent  carrier  density.  We 
have  not  attempted  yet  to  correlate  our  HgCdTe  data 
to  his  model  mainly  due  to  lack  of  information  of 
detailed  carrier  density  fluctuations  in  these  samples. 

Figure  4  shows  the  MR  plotted  vs  the  lattice  tem¬ 
perature  at  H  ~  1  T  for  the  three  HgCdTe  samples  in 
order  to  show  the  difference  in  the  behavior  among 
the  three  HgCdTe  samples.  Generally,  Type  II  (mildly 
anomalous)  samples  exhibit  a  larger  MR  value  than 
Type  I  (normal)  samples,  while  Type  III  (severely 
anomalous)  samples  show  a  lower  MR  value  than 
Type  I  samples.  This  trend  exists  in  the  low-tempera¬ 
ture  region  (<  100K)  where  the  magnitude  of  MR  is 
large  as  shown  in  Fig.  4.  This  can  be  qualitatively 
explained  from  Eq.  (6)  in  a  limited  field  region  by 
using  the  values  of  relevant  parameters  listed  in 
Table  I,  thus  indicating  that  the  two-carrier  model  of 
MR  also  validates  qualitatively  the  typology  (based 
primarily  on  deviations  from  an  ideal  one-carrier 
system)  developed  in  our  RCT  work.5 

SUMMARY  AND  CONCLUSIONS 

Magnetoresistance  data  obtained  by  variable-field 


Hall  measurements  and  a  two-carrier  model  based  on 
the  RCT  scheme  have  been  employed  to  compare  two 
different  conduction  systems,  namely,  the  LPE 
HgCdTe  films  and  the  GaAs-based  HEMT  structures. 
The  results  demonstrate  that  magnetoresistance 
measurements  can  be  used  as  a  valuable  tool  to 
characterize  semiconducting  materials,  structures, 
or  devices. 

The  HEMT  data  are  in  quantitative  agreements 
with  the  two-carrier  mode,  thus  validating  the  utility 
of  the  two-carrier  model  of  the  magnetoresistance. 
This  also  corroborates  the  result  of  the  reported  RCT 
work4  that  these  HEMT  structures  are  nearly  perfect 
two-carrier  systems.  The  two-carrier  model  predicts 
the  correct  values  for  the  transition-field  and  the 
transition-width,  and  the  existence  of  two  limiting 
cases,  namely,  the  H2-dependent  (low-field)  region 
and  the  saturation  (high-field)  region.  The  model 
validated  by  the  HEMT  structures  is  then  used  as  a 
reference  to  characterize  more  complex  LPE  HgCdTe 
films. 

The  HgCdTe  data  exhibit  significant  deviations 
from  the  two-  and  three-carrier  models.  These  devia¬ 
tions,  namely,  the  absence  of  H2-dependence  and 
saturation,  and  a  large  transition-width,  strongly 
indicate  that  the  HgCdTe  films  are  indeed  a  complex 
conduction  system.  In  particular,  the  large  transi¬ 
tion-width  observed  in  these  samples  strongly  indi¬ 
cate  a  large  mobility  spread  or  multicarrier  nature  of 
these  samples.  To  our  best  knowledge,  we  have  dem¬ 
onstrated  in  this  work  conclusive  evidence  for  the 
existence  of  an  appreciable  mobility  spread  which 
may  be  intimately  related  to  inhomogeneities  and 
anomalous  behavior  of  these  samples. 

We  have  demonstrated  in  this  paper  that  mag¬ 
netoresistance  measurements  and  subsequent  analy¬ 
ses  in  the  RCT  scheme  can  be  used  to  distinguish 
between  a  two-carrier  system  and  a  more  complex 
system.  In  particular,  they  are  very  useful  for  the 
understanding  of  the  sample  inhomogeneities  and 
associated  anomalous  behavior  of  HgCdTe  crystals. 
They  should  also  be  valuable  for  the  electrical  charac¬ 
terization  of  other  advanced  semiconducting  materi¬ 
als,  structures,  or  devices  as  an  alternative  to  conven¬ 
tional  characterization  tools. 
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Nondestructive  Characterization  of  Hg1_xCdxTe  Layers  with 
n-p  Structures  by  Magneto-Thermoelectric  Measurements 
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D-79108  Freiburg  i.  Br.,  Germany 

The  thermoelectric  properties  of  n-type  Hg0  79Cd0  21Te  (MCT)  and  of  MCT  layers 
with  n-p  structure  have  been  investigated  in  transverse  (B  i_  VT)  and  longitudi¬ 
nal  (B  1 1  VT)  magnetic  fields  (0  <  B  <  16  kG)  using  the  lateral  gradient  method  at 
temperatures  between  10  and  300K.  The  experimental  results  were  analyzed  by 
considering  the  contributions  of  electrons  and  holes  to  the  magneto-thermoelec¬ 
tric  effect  and  the  scattering  mechanisms  involved.  The  analysis  is  based  on  a 
nonparabolic  conduction  band  and  Landau  quantization  as  well  as  empirical 
relations  for  the  band  gap,  the  intrinsic  carrier  density,  and  the  magnetoresis¬ 
tance.  For  n-type  MCT  at  low  temperatures  (10  <  T  <  30K)  and  weak  magnetic 
fields  (B  <  2  kG),  the  transverse  magneto-thermoelectric  effect  (TME)  was  seen 
to  be  dominated  by  electron  scattering  on  ionized  defects.  Longitudinal  acoustic 
phonon  drag  was  found  to  affect  the  TME  in  strong  magnetic  fields  (B  >  3  kG)  at 
low  temperatures  (T  <  20K).  Longitudinal  (LO)  phonons  were  shown  to  prevail 
in  the  electron  scattering  at  higher  temperatures  (T  >  50K)  in  weak  magnetic 
fields.  With  increasing  magnetic  fields,  the  effect  of  LO-phonon  scattering 
decreases,  and  eventually  the  TME  becomes  independent  of  electron  scattering. 

The  longitudinal  magneto-thermoelectric  effect  of  n-type  MCT  was  also  found  to 
exhibit  magnetophonon  oscillations  due  to  LO-phonon  scattering  from  both 
HgTe  and  CdTe  phonons.  The  transverse  magnetoresistance  (TMR)  of  the  n-type 
layers  in  the  quantum  region  has  been  found  to  be  linearly  dependent  on  the 
magnetic  field.  Owing  to  the  TMR  of  the  n-type  layers,  the  variation  of  the  TME 
of  p-n  multiple  layers  with  magnetic  field  is  much  larger  than  the  variation  of  the 
Seebeck  coefficient  with  temperature.  Thus,  the  sensitivity  to  p-type  layers  is 
considerably  enhanced  compared  to  that  of  the  Seebeck  coefficient.  As  a  result, 
the  TME  has  proved  to  be  particularly  useful  in  determining  the  doping  and 
composition  of  the  constituent  layers  of  MCT  n-p  structures. 

Key  words:  HgCdTe,  magneto-resistance,  thermoelectric  properties 


INTRODUCTION 

Nondestructive  characterization  of  the  doping  and 
composition  of  Hgx  xCdxTe  (MCT)  layer  structures 
composed  of  multiple  layers  of  n-type  and  p-type 
conduction  is  important  in  the  design  of  advanced 
infrared  detector  arrays  consisting  of  p-on-n 
heterodiodes.  Hall  and  conductivity  measurements 
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are  widely  used  to  assess  the  carrier  concentration 
and  mobility  of  semiconductor  layers.  However,  the 
large  electron  to  hole  mobility  ratio  of  MCT  consider¬ 
ably  impairs  this  determination  whenever  a  p-type 
layer  coexists  with  a  highly  conducting  n-type  layer. 
Since  the  Hall  coefficient  of  multiple  layers  is  a 
quadratic  function  of  the  layer  conductivity,  the  n- 
type  layers  dominate  the  p-type  layers,  and  often  the 
properties  of  the  p-type  layers  of  composite  MCT 
structures  are  obscured  completely.  In  contrast,  the 
thermoelectric  effect  (TME)  is  a  linear  function  of  the 
layer  conductance,  and  therefore  it  offers  a  greater 
characterization  potential  for  multiple  MCT  layers  of 
different  conduction  types.1’2 
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A  quantizing  magnetic  field,  applied  normal  to  a 
multiple-layer  sample  and  the  temperature  gradient 
(i.e.  in  the  transverse  configuration),  has  been  found 
to  considerably  enhance  the  sensitivity  to  p-type  con¬ 
duction.3  The  resulting  transverse  current  can  be 
viewed  as  being  caused  by  the  drift  of  the  centers  of 
the  cyclotron  orbits  in  the  temperature  gradient. 
Sinc  e  the  drift  velocity  of  the  electrons  along  the  tem¬ 
perature  gradient  is  considerably  reduced  by  the 
magnetic  field,  the  contribution  of  holes  to  the  mag- 
neto-Seebeck  effect  is  increased  relative  to  that  of 
electrons.  Thus,  this  effect  offers  a  high  potential  for 
characterizing  thin  p-type  layers  in  n-type  environments. 

Up  to  now  only  scarce  information  on  the  magneto¬ 
thermoelectric  properties  of  MCT  has  been  available. 
The  investigations  published  so  far  are  mainly  dedi¬ 
cated  to  HgTe.  The  effective  mass  of  electrons  and 
holes  in  heavily  doped  n-type  and  p-type  HgTe  have 
been  determined  from  magneto-thermoelectric  mea¬ 
surements,  taking  into  account  phonon  drag  of  holes 
for  p-type  HgTe.4  A  large  increase  of  the  thermoelec¬ 
tric  power  has  been  found  for  p-type  HgTe  at  tempera¬ 
tures  below  30K  and  has  been  attributed  to  phonon 
drag  of  holes.5’6  Phonon  drag  of  electrons  has  been 
proposed  for  explaining  a  high  negative  thermoelec¬ 
tric  power  measured  in  pure  HgTe  samples  at  low 
temperatures  in  quantizing  magnetic  fields.7’8  Also,  a 
singularity  found  in  the  thermoelectric  power  of  an 
MCT  sample  with  x  =  0.14,  has  been  interpreted  as 
due  to  phonon  drag.9  Recently,  a  sign  reversal  of  the 
thermopower  of  an  n-type  MCT  sample  with  x  =  0.2 
has  been  observed  in  quantizing  magnetic  fields,10 
and  this  is  the  only  investigation  on  the  magneto 
Seebeck  effect  of  MCT  in  quantizing  magnetic  fields 
that  we  are  aware  of. 

In  this  study,  the  magneto-thermoelectric  effect  of 
n-type  MCT  and  of  MCT  p-n  layer  structures  is 
investigated  in  greater  detail.  The  thermoelectric 
properties  of  the  specimens  have  been  investigated  in 
transverse  (B  A  VT)  and  longitudinal  (B  ||  VT)  mag¬ 
netic  fields  using  the  lateral  gradient  method  at 
temperatures  between  10  and  300K.  The  experimental 
results  were  analyzed  by  considering  the  contribu¬ 
tions  of  electrons  and  holes  to  the  magneto-thermo¬ 
electric  effect  and  the  scattering  mechanisms  in¬ 
volved.  The  analysis  is  based  on  a  nonparabolic  con¬ 
duction  band  and  Landau  quantization  as  well  as 
empirical  relations  for  the  band  gap,  the  intrinsic 
carrier  density,  and  the  magnetoresistance. 

Finally,  the  TME  of  MCT  layers  with  n-p  structure 
have  been  investigated  using  the  lateral  gradient 
method2  at  temperatures  between  10  and  300K.  The 
TME  has  been  found  to  be  of  higher  sensitivity  to  p- 
type  layers  in  an  n-type  environment  than  the  zero- 
field  Seebeck  effect.  Therefore,  the  TME  is  ideally 
suited  for  characterizing  constituent  p  and  n-type 
layers  of  composite  MCT  structures. 

EXPERIMENTAL 

For  this  study,  n-type  bulk  crystals  and  epitaxial 
layers  of  MCT  with  x  ~  0.21  were  used.  The  bulk 


crystals  were  grown  by  solid  state  recrystallization 
from  quenched  stoichiometric  melts  and  0.5  mm  thick 
slices  were  cut  from  the  bulk  crystals  parallel  to  (111) 
surfaces.  The  epitaxial  layers  were  deposited  from  Te- 
rich  solutions  on  (lll)B  surfaces  of  lattice-matched 
Cd0866Zn004Te  crystals  using  the  dipping  technique. 
To  convert  the  as-grown  p-type  material  to  n-type,  the 
bulk  slices  and  epitaxial  layers  were  annealed  in 
sealed  quartz  ampules  under  saturated  Hg  vapor 
pressure  at  temperatures  of  225°C  for  three  to  four 
weeks.  Subsequently,  the  samples  were  chemo- 
mechanically  polished  using  a  0.5%  bromine-metha¬ 
nol  solution.  The  annealed  epilayers  were  of  uniform 
composition  and  had  donor  densities  in  the  1014  cm-3 
range,  as  verified  from  temperature- dependent  Hall- 
effect  measurements  and  infrared  transmission  mea¬ 
surements  at  the  fundamental  absorption  edge.  The 
annealed  bulk  crystals,  which  have  highly  uniform 
stoichiometry,  typically  consist  of  a  200  pm  thick  n- 
type  skin  with  donor  densities  in  the  low  IQ14  cm-3 
range  and  a  p-type  core  about  100  um  thick  with 
acceptor  densities  in  the  IQ16  cm"3  range.  Prior  to  the 
measurements,  the  samples  were  subjected  to  a  spe¬ 
cial  electrochemical  etch11  to  provide  clean  surfaces  of 
stoichiometric  composition  and  to  avoid  surface  in¬ 
version. 

The  p-on-n  MCT  heterostructures  used  for  this 
study  were  epitaxially  grown  on  <10Q>GaAs  sub¬ 
strates  by  metalorganic  chemical  vapor  deposition 
(MOCVD)  using  the  interdiffused  growth  method.12’13 
The  heterostructures  consist  of  three  layers:  a  p-type 
wide-gap  cap  layer  on  top,  a  p-type  narrow-gap  ab¬ 
sorber,  and  an  n-type  narrow-gap  absorber  on  the 
bottom.  All  layers  are  In-doped,  and  the  p-type  layers 
are  additionally  doped  with  As.  The  In  and  As  concen¬ 
tration  profiles  of  the  specimens  were  determined  by 
secondary  ion  mass  spectroscopy  (SIMS)  performed 
at  Charles  Evans  Associates.  The  SIMS  Te  profiles 
were  used  to  analyze  the  heterostructures  regarding 
layer  composition  and  thickness.14  The  compositions 
of  the  narrow  gap  layers  were  also  obtained  from 
infrared  transmission  measurements  of  the  funda¬ 
mental  absorption  edge15  at  temperatures  of  77  and 
300K. 

The  thermoelectric  effect  was  measured  by  em¬ 
ploying  the  lateral  gradient  method.  Details  of  the 
arrangement  for  measuring  the  thermoelectric  volt¬ 
age  by  this  lateral  gradient  technique  are  given  in 
Ref.  2.  It  is  important  to  note  that,  since  the  low 
temperature  glue  used  is  soluble  in  methanol,  the 
temperature  sensors  can  be  removed  without  damage 
to  the  sample.  Therefore,  the  lateral  gradient  tech¬ 
nique  is  considered  to  be  nondestructive.  For  the 
conductivity  and  Hall-effect  measurements  the  van 
der  Paw  method  was  used.  For  both  methods,  Au 
leads  were  bonded  to  Au/In  contact  pads  evaporated 
at  the  edges  of  the  rectangular-shaped  specimens 
measuring  about  5x12  mm2.  The  electrical  properties 
of  these  contacts  on  n-type  and  p-type  MCT  at  tem¬ 
peratures  between  15  and  320K  were  found  to  be 
ohmic. 
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A  temperature  difference  of  1  or  2K  across  the 
sample  was  chosen  for  determining  the  Seebeck  coef¬ 
ficient  between  10  and  50K,  and  a  difference  of  SKwas 
used  at  higher  temperatures.  The  Seebeck  coefficient 
(a)  is  the  differential  thermoelectric  voltage  (DTV) 
given  by  the  ratio  of  the  measured  thermoelectric 
voltage  Uth  to  the  temperature  difference  T2  -  Tx 
applied  to  the  sample,  or  a  =  Uth/(T2  -  Tj.  The 
magneto-Seebeck  effect  was  obtained  by  applying 
magnetic  fields  of  0  <  B  <  16  kG  to  the  samples. 

THERMOELECTRIC  MODEL 
Seebeck  Coefficient 

The  DTV  or  Seebeck  coefficient  of  an  isotropic,  cubic 
semiconductor  corresponds  to  the  voltage  produced 
by  two  generators  in  parallel,  the  admittances  of 
which  are  proportional  to  the  conductivity  of  elec¬ 
trons  (e)  and  holes  (h),  respectively.  In  this  case,  a  is 
given  by,16 

a  =  (aen|ie  +  a;ip(ih)/(nue  +  p|4.h),  (1) 

where  the  thermoelectric  coefficients  for  electrons 
and  holes,  ae  and  o^,  have  been  derived  by  Devlin17 
from  the  linearized  Boltzmann  equation  assuming 
thermally  equilibrated  phonons.  This  assumption  is 
justified  for  MCT  at  temperatures  T>30K,  but  it  may 
fail  at  low  temperatures  when  the  interaction  be¬ 
tween  the  scattering  phonons  becomes  weaker,  owing 
to  their  longer  wavelength  at  lower  temperatures. 
Therefore,  phonon  drag  is  likely  to  affect  the  Seebeck 
coefficient  at  temperatures  below  30K.5-9  As  a  result, 
the  model  used  in  preceding  studies1’2  was  limited  to 
temperatures  above  30K,  and  it  was  restricted  to  the 
thermoelectric  coefficients  aeh,  owing  to  the  diffusion 
of  electrons  (e)  and  holes  (h)  in  a  temperature  gradi¬ 
ent.  Thus,  the  coefficients  aeh  are  given  by, 

«e,h  =  W  (<£  \h>/<Te,h>  "  ^ 

where  £  =  E/(kT),  r\e  =  Ep/(kT),  and  r|h  =  -(Ep  +  Eg)/(kT). 
The  energy  E  is  measured  from  the  edge  of  the 
conduction  band,  Eg  is  the  band  gap  energy,  EF  is  the 
Fermi  energy,  T  is  the  temperature,  k  is  the  Boltzmann 
constant,  q  is  the  elementary  charge  (-e  for  electrons 
and  +e  for  holes),  and  t  the  relaxation  time.  The 
kinetic  term  <£  xeh>/<xeh>  depends  on  the  charge 
carrier  scattering  mechanisms  involved.  Optical 
phonons  are  by  far  the  most  effective  scatterers  for 
charge  carriers  in  MCT,  owing  to  its  high  ionicity, 
except  at  low  temperatures  (T  <  40K)  where  scatter¬ 
ing  by  ionized  defects  prevails.6  This  model  uses  the 
kinetic  term  derived  by  Devlin17  for  pure  optical  mode 
scattering  of  electrons  and  holes  assuming  non¬ 
degenerate  charge  carrier  densities,  or 

<£  Te,h>/<Te,h>  =  2.5  +  O.5/exp[O.95(0/T)2] 

-  O.86(0/T)2-5/exp(0/T).  (3) 

The  Debye  temperature  0  is  assumed  to  be  equal  to 
the  sum  of  the  CdTe-like  and  HgTe-like  longitudinal 
optical  (LO)  phonon  frequencies  of  MCT,  coL01  and 
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coL02,  weighed  by  the  mole  fractions  x  of  CdTe  and  1  - 
x  of  HgTe,  respectively,  or 

0  =  [x  coL01  +  (1  -  x)  coL02]  hc/k.  (4) 

The  model  includes  a  single  acceptor  level  of  den¬ 
sity  Na  at  an  energy  EA  above  the  valence  band  edge, 
with  a  degeneracy  factor  of  four,  and  fully  ionized 
donors  of  density  ND.  The  electron  and  hole  densities, 
n  and  p,  are  determined  from  the  charge  neutrality 
equation  together  with  empirical  relations  for  the 
temperature  and  composition  dependence  of  the  band 
gap  Eg,18  the  CdTe-like  and  HgTe-like  LO  phonon 
frequencies  coL01  and  «L02,19  the  intrinsic  carrier  den¬ 
sity  n^20  and  the  electron  to  hole  mobility  ratio  ge/gh.2 
This  simple  model  has  proven  to  be  adequate  for  a 
quantitative  description  of  the  thermoelectric  proper¬ 
ties  of  p-type  and  n-type  MCT  in  the  temperature 
range  between  40  and  320K.12 

This  model  also  has  been  used  for  characterizing 
MCT  p-on-n  heterostructures.2  The  p-on-n  hetero¬ 
structures  have  been  assumed  to  be  composed  of 
distinct  layers  with  abrupt  interfaces.  The  thermo¬ 
electric  voltage  of  a  stack  of  n  layers  (j)  caused  by  a 
lateral  temperature  gradient  is  equivalent  to  the 
voltage  produced  by  n  generators  in  parallel,  the 
admittances  of  which  are  the  conductances  Gj  of  the 
individual  layers,  given  by, 

oct  =  Z.  a.  G/G  =  Z.  a  a.d/(ad),  (5) 

where  a  =  h.  a  d/d  and  d  =  Z  d  are  the  conductivity  and 
thickness  of  the  total  sample,  respectively.  This  lin¬ 
ear  superposition  of  the  thermoelectric  voltages  is 
assumed  to  be  valid  in  magnetic  fields  as  well.  Up  to 
this  point,  however,  the  model  does  not  include  the 
effect  of  an  magnetic  field. 

Magneto-Seebeck  Effect 

A  uniform  magnetic  field  applied  to  the  sample 
forces  the  mobile  charge  carriers  in  a  simple  band  into 
circular  motion  with  the  cyclotron  frequency  (oc  =  |e|B/ 
m*  in  the  plane  perpendicular  to  the  magnetic  field 
B(0,0,Bz).  The  energy  of  the  charge  carriers  is  quan¬ 
tized  into  discrete  Landau  levels,  given  by, 

Elkz±=(l  +  1/2)  ficoc  +  ft 2  kz2  (2m*)-1  ±  (l/2)gB  g*B,  (6) 

where  pB  is  the  Bohr  magneton  and  g*  is  the  effective 
Lande  (g)  factor. 

The  magnetic  field  strongly  affects  the  energies  of 
the  highly  mobile  electrons  with  small  effective  masses, 
whereas  the  heavy  holes  are  almost  unaffected.  For 
example,  in  MCT  at  75Kwithx  =  0.21,  ft  coc~  1.5  meV/ 
kG  for  electrons  and  ~  23  peV/kG  for  heavy  holes  (mhh* 
=  0.5  mo).  Since  the  drift  velocity  of  the  electrons  along 
the  temperature  gradient  is  considerably  reduced  by 
the  magnetic  field,  the  contribution  of  holes  to  the 
magneto-Seebeck  effect  is  increased  dramatically  rela¬ 
tive  to  that  of  electrons.  Thus,  this  effect  offers  a  high 
potential  for  characterizing  thin  p-type  layers  in  n- 
type  environments. 

In  order  to  include  the  magnetic  field  effects,  our 
model  must  be  modified  to  some  extent.  Since  the 
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effect  on  the  heavy  holes  is  too  small  to  be  detected, 
only  changes  arising  from  electrons  must  be  taken 
into  account.  In  nonquantizing  magnetic  fields  (i.e.,  in 
the  classical  case),  the  Fermi  energy  is  not  affected  by 
the  magnetic  field  and  the  total  change  in  the  Seebeck 
coefficient  ae  [Eq.  (2)]  is  due  to  variations  of  the  kinetic 
term  <e  ie>/<xe>.  which  depends  on  the  electron  scatter¬ 
ing.  This  classical  region,  therefore,  can  be  used  to 
identify  the  dominant  scattering  mechanism.  When 
uB»l  (the  classical  high-field  region),  the  kinetic 
term  becomes  independent  of  the  scattering  mecha¬ 
nisms  and  attains  a  limiting  value  <8  Te>/<ie>  =  5/2, 
which  yields  the  limit  of  the  magneto-Seebeck 
coefficent  in  the  classical  region,  given  by, 

a  iim  =  (k/q)  (5/2  -  qe).  (7) 

For  strong  magnetic  fields,  when  cocx»l  and  ft  coc  ~ 
kT,  the  quantization  is  pronounced  and  the  Fermi 
energy  is  no  longer  independent  of  the  magnetic  field 
because  of  the  altered  density  of  states.  This  region  is 
easily  reached  in  low  x-value  MCT,  e.g.,  for  electrons 
in  MCT  with  x  =  0.21  in  a  field  of  5  kG,  we  have  Uco, 
-  kT  at  75K. 

Using  the  approximation  <8  Te>/<Te>  =  <8>  and 
Kane’s21  k-p  model  for  narrow-gap  zinc-blende-type 
semiconductors  (A»E  ),  Puri22  derived  the  following 
relation  for  the  change  in  the  electronic  part  of  the 
magneto-Seebeck  coefficient  in  the  quantum  region 
beyond  its  limit  in  the  classical  high-field  region  (i.e., 
Aac(B)  =  ae(B)  -  aeIim); 
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where  2kT  x,  =  [E,2  +  (8/3)  P2  kB2  (1  +  1/2)]1'2,  (9) 


P2  =  Ep  ft 2  /(2mo)  and  kB2  =  e  B/ft.  Puri22  showed  that 
this  approximation  of  the  electronic  contribution  to 
the  TME  in  the  quantum  limit  quantitatively  matches 
the  experimental  data  obtained  from  measurements 
on  n-type  InSb  specimens  with  donor  densities  in  the 
IQ13  to  1014  cm-3  range  at  temperatures  between  6  and 
10 OK.  For  p-type  semiconductors  where  holes  as  well 
as  electrons  are  contributing  to  the  Seebeck  coeffi¬ 
cient  in  the  quantum  region  experimental  data  is  still 
lacking.  To  include  holes  in  our  model,  the  mag- 
netoresistance  must  be  taken  into  account. 


Transverse  Magnetoresistanee 

In  the  quantum  limit  (EF  <  ft  coc),  all  of  the  transport 
coefficients  except  the  TME  show  smooth  field  depen¬ 
dences  which  are  characteristic  of  the  type  of  scatter¬ 
ing;  the  TME  becomes  independent  of  scattering.  For 
scattering  by  LO  phonons,  the  transport  coefficents 
may  also  exhibit  resonances  due  to  the  magnetophonon 
(MP)  effect.  However,  disregarding  possible  MP  oscil¬ 
lations  for  the  moment,  the  transverse  magnetoresis¬ 
tance  for  LO  phonon  scattering  in  the  quantum  limit 


is  proportional  to  the  cyclotron  frequency  and  thus  a 
linear  function  of  the  magnetic  induction,23-25 

pJpo  =  C  ft  coc/(kT)  =  C  ft  |q|  B/(mo*kT).  (10) 

The  band-edge  effective  electron  mass  m  *,  is  given 

by25’26 

mo/mo*  =  (2/3)  (Ep/Eg)(A  +  3  Eg  /2)/(A  +  Eg).  (11) 

The  factor  C  in  Eq.  (10)  is  related  to  the  scattering.24 
For  other  scatterers  (e.g.  ionized  point  defects),  the 
transverse  magnetoresistanee  does  not  linearly  de¬ 
pend  on  the  magnetic  induction.  It  is  a  quadratic  or  a 
higher  power  function  of  B.24>25 

The  analysis  of  the  experimental  magneto-Seebeck 
data  of  p-n  layer  structures  is  based  on  Eq.  (5)  for  the 
total  magneto-DTV  and  on  Eq.  (10)  for  the  transverse 
magnetoresistanee.  The  magneto-DTV  of  the  p-type 
layers  is  represented  by  Eq.  (1)  and  Eq.  (2)  modified  by 
the  magnetoresistanee  in  the  quantum  limit  [Eq. 
(10)],  given  by 

M4  =  b  (pi/po)"1  (12) 

where  b  is  the  electron-to-hole  mobility  ratio  in  the 
absence  of  a  magnetic  field.2 

The  magneto-DTV  due  to  electron  diffusion  in  the 
quantum  region  of  nondegenerate  n-type  layers  is 
described  by  Eqs.  (7),  (8),  and  (9).  At  temperatures 
below  about  30K  phonon  drag  is  likely  to  occur. 
Therefore,  in  addition  to  the  electronic  contribution, 
the  phonon  drag  contribution  must  be  taken  into 
account  as  well. 

Phonon  Drag 

A  phonon  flux  parallel  to  the  temperature  gradient 
is  produced  by  the  temperature  difference  applied  to 
the  crystal.  The  interaction  of  phonons  with  electrons 
causes  momentum  transfer  from  the  phonons  to  the 
electrons  and  thus  an  effective  electron  flux  in  the 
opposite  direction  as  the  temperature  gradient  ap¬ 
pears.  This  phonon  drag  has  to  be  considered  in 
addition  to  the  electron  diffusion  in  a  temperature 
gradient.  In  particular,  the  phonon  drag  is  evident  at 
low  temperatures  and  strong  magnetic  fields,  when 
the  interaction  between  the  phonons  becomes  weaker 
and  thus  the  phonons  are  no  longer  in  thermal  equi¬ 
librium.  The  phonon  drag  has  been  calculated  for 
isotropic,  cubic  semiconductors  with  a  simple  para¬ 
bolic  band  in  a  quantizing  magnetic  field  by  various 
authors.22’27’28 

Puri22  has  calculated  the  phonon  drag  contribution 
to  the  thermoelectric  power  ap  taking  into  account  two 
modes  of  electron  coupling  to  acoustic  phonons,  i.e. 
the  scattering  due  to  the  deformation  potential  and 
the  piezoelectric  mode  of  scattering.  The  deformation 
potential  scattering  yields  a  quadratic  variation  of 
the  thermoelectric  power  with  the  magnetic  field, 
whereas  for  the  piezoelectric  scattering  mode  ap  var¬ 
ies  linearly  with  the  magnetic  field.  Experimental  ap 
data  obtained  from  TME  measurements  on  n-type 
InSb  samples  clearly  shows  a  quadratic  field  depen¬ 
dence  at  sufficiently  low  temperatures  when  the 
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phonons  interact  only  with  the  boundaries  of  the 
sample.  This  result  is  expected  since  the  electron- 
energy  surfaces  are  isotropic.  Thus,  based  on  the 
expression  for  the  relaxation  time  of  long-wavelength 
longitudinal  acoustic  (LA)  phonons  due  to  collisions 
with  thermal  phonons,  given  by 

xq(T)  =  A/(qmTr),  (13) 

and  disregarding  transverse  acoustic  phonon  scatter¬ 
ing,  Puri22  derived  for  the  phonon  drag  contribution  to 
the  Seebeck  coefficient  in  the  phonon-phonon  scatter¬ 
ing  range: 

ocp  =  A'  Ed2(k/q)(kT)-3/2  (mo*/mo)1/2 

T-r  (2kB2)2_m/2.  (14) 

Here,  Ed  is  the  deformation  potential  constant  and  A' 
has  only  a  very  weak  dependence  on  the  magnetic 
field  and  the  temperature.  A  comparison  with  experi¬ 
mental  InSb  data  yielded  m  =1  and  r  =  3.  Equation 
(14)  compares  well  with  Khalfin’s28  expression  for  ap 
based  on  xq  =  A/(qT3),  given  by 

ap  =  A*  Ed2(k/q)(kT)'3/2  (mo*/mo)1/2 

T-3  (2kB2)3/2,  (15) 

with 

A*  =  (A/p)  (2mo)1/2(8rc)-2 
[ln(2{  h  kB  s/(4kT)}-2)-2.57],  (16) 

where  p  is  the  density  and  s  is  the  sound  velocity  of  the 
crystal.  Therefore,  for  the  description  of  our  results, 
Khalfin’s  expression  (Eq.  15)  was  used. 

RESULTS  AND  DISCUSSION 
N-Type  MCT 

The  magnetic-field  dependence  and  the  temperature 
dependence  of  the  TME  of  n-type  MCT  samples  with 
x-values  of  =  0.21  have  been  measured.  First,  the 
dependences  of  the  TME  obtained  from  DTV  mea¬ 
surements  of  the  samples  in  quantizing  magnetic 
fields  will  be  discussed.  Figure  1  presents  experimen¬ 
tal  and  calculated  variable-temperature  DTV  data  of 
an  n-type  MCT  sample  at  0  and  13.5  kG.  The  zero  field 
data  are  well-fitted  by  the  thermoelectric  model  [Eqs. 
( 1-4)].  The  results  are  also  in  agreement  with  those  of 
variable-temperature  Hall-effect  measurements.  The 
experimental  magneto-thermoelectric  data  for  tem¬ 
peratures  between  30  and  200K  were  found  to  be 
represented  by  Eq.  8  for  ac,  the  magneto-Seebeck 
coefficient  due  to  the  diffusion  of  electrons  in  narrow- 
gap,  zinc-blende-type  semiconductors  in  the  quan¬ 
tum  region.  The  least  squares  fit  to  the  experimental 
data,  however,  yields  a  higher  value  for  the  donor 
density  and  a  lower  value  for  x  than  the  fit  to  the  zero- 
field  data.  This  slight  inconsistency  may  be  due  to  the 
approximations  which  underlie  Eq.  (8),  or  indicate 
that  higher  fields  than  13.5  kG  are  required.  At 
temperatures  above  200K,  the  experimental  data 


departs  from  the  calculated  curve  since  pB  decreases 
with  rising  temperatures  and  thus  the  electrons  devi¬ 
ate  from  the  quantum  region.  The  discrepancy  be¬ 
tween  the  experimental  data  and  ae  at  low  tempera¬ 
tures  is  caused  by  phonon  drag,  as  illustrated  in  Fig. 
2.  The  variation  of  the  experimental  TME  data  with 
the  magnetic  field  in  the  quantum  limit  at  tempera¬ 
tures  below  20K  cannot  be  fitted  unless  phonon  drag 
is  taken  into  account.  The  direct  electronic  contribu¬ 
tion,  ae,  together  with  the  phonon-drag  contribution 
a  [Eq.  (8)  and  Eq.  (15)],  however,  provide  an  excellent 
fit  of  the  experimental  data,  yielding  values  for  the 
CdTe  mole  fraction  x  and  the  donor  density  ND  which 
agree  well  with  those  obtained  from  variable-tem¬ 
perature  Hall  and  infrared-transmission  measure¬ 
ments.  An  average  value  of  s  =  3- 10s  cm/s  for  the 
velocity  of  sound  was  obtained  from  the  least  squares 
fits  which  is  consistent  with  the  value  determined  by 
the  elastic  constant  cu = 6- 1010  Nnr2  of  HgTe.26  The  fits 
also  yield  an  average  value  AEd2  =  3.1104  K3s  cm  1 
(eV)2.  Using  Ed  =  2.4  eV  for  the  deformation  potential 
constant,  as  determined  by  Gorodilov8  from  the  Bir- 
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Fig.  1.  Seebeck  coefficient  vs  temperature  obtained  from  thermo¬ 
electric  measurements  on  an  n-type  MCT  sample  at  0  and  13.5  kG. 
The  solid  curves  are  the  result  of  least  squares  fits  to  the  experimental 
data  (*).  The  symbols  ae  and  ap  are  the  electron  and  phonon  contribu¬ 
tions  to  the  Seebeck  coefficient,  respectively.  The  fits  yielded  the 
parameter  values  listed  in  the  inserted  table. 
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Fig.  2.  Seebeck  coefficient  a  vs  magnetic  induction  B  of  n-type 
Hg079Cd02iTe  at  T  =  1 2.6  and  1 8.6K.  The  solid  curves  are  the  results 
of  least  squares  fits  to  the  experimental  data  (*),  taking  into  account 
phonon  drag.  The  symbols  ae  and  apare  the  electron  and  phonon 
contributions  to  the  Seebeck  coefficient,  respectively.  The  field  depen¬ 
dence  of  the  phonon  drag  contribution  ap  is  shown  as  well. 
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Fig.  3.  Change  of  the  TME  (cc(B)  -  a(0) )  as  a  function  of  B  obtained 
from  measurements  on  an  n-type  MCT  sample  at  various  tempera¬ 
tures  between  1 2  and  75K. 


Pikus  constants,  the  average  relaxation  time  factor  is 
A  «  5.4- 103  K3s  cm-1,  which  compares  with  the  value  of 
4.37- 103  found  for  InSb.22 

The  field  dependence  of  the  TME  in  the  classical 
low-field  region  (jtiB  <1,  h  toc  <  kT)  is  characteristic  of 
the  dominant  scattering  mechanism  as  Fig.  3  illus¬ 
trates.  Here  the  change  of  the  TME  as  a  function  of  B 
is  shown,  obtained  from  measurements  on  an  n-type 
MCT  sample  at  various  temperatures  between  12  and 
75K.  There  is  a  large  positive  change  at  temperatures 
below  35K  and  a  smaller  negative  one  at  tempera¬ 
tures  beyond  35K.  The  maximum  change  of  the  TME 
with  the  magnetic  field  in  the  classical  region  is  given 
by  Eq.  (2)  and  Eq.  (7)  as 

Aae  =  aelira  -  ae(G)  =  (k/q)[5/2  -  <e  xe>/<Te>],  (17) 

According  to  the  kinetic  term  <e  te>/<xe>  for  LG- 
phonon  scattering  [Eq.  (3)],  the  maximum  change  of 
the  TME  is  negative  and  of  the  order  of  1  pV/K  at 
temperatures  below  35K.  Thus,  LO-phonons  obvi¬ 
ously  are  not  the  dominant  scatterers  at  low  tempera¬ 
tures.  The  large  positive  change,  however,  can  be 
explained  by  scattering  on  ionized  point  defects.  The 
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Fig.  5.  Magnetic  field  of  magneto  phonon  resonances  vs  temperature 
measured  (*)  and  calculated  ( — )  for  spin  conserving  transitions  {0+l+); 
and  scattering  on  CdTe-like  LO-phonons  (i  =  1 )  and  on  HgTe-iike  LO- 
phonons  (i  =  2).  The  measured  data  is  obtained  from  the  second 
derivative  of  the  LME.  It  represents  minima  of  the  absolute  LME.  The 
calculation  includes  a  n/2  phase  shift  of  the  MP  resonances  to  lower 
fields  according  to  Barker.30 

kinetic  term  for  ionized  defect  scattering16  (<e  xe>/<xe> 
=  4)  yields  a  maximum  change  of  the  order  of  130  pV/ 
K  below  35K.  Therefore,  ionized  defect  scattering 
apparently  is  the  dominant  mechanism  at  low 
temperatures,  whereas  LO-phonon  scattering  pre¬ 
vails  at  temperatures  above  35K. 

Oscillations  in  the  longitudinal  magnetothermal 
emf  (LME)  of  the  n-type  bulk  sample  have  also  been 
seen.  These  are  shown  in  Fig.  4,  where  the  relative 
change  and  the  first  derivative  of  the  thermoelectric 
power  vs  magnetic  field  at  100K  are  plotted.  These 
resonances  can  be  described  in  terms  of  magneto¬ 
phonon  (MP)  transitions  involving  both  LO  HgTe  and 
CdTe  phonons,  as  shown  in  Fig.  5.  The  solid  lines  are 
the  MP  transition  energies  as  a  function  of  quantum 
number  and  temperature  for  both  the  HgTe  and  CdTe 
phonons,  calculated  using  Weiler’s  energy  band 
model,26  and  the  solid  dots  are  the  field  positions  of  the 
MP  resonances.  The  experimental  data  were  obtained 
from  the  second  derivative  of  LME  vs  B.  It  can  be  seen 
that,  for  most  temperatures  and  quantum  numbers, 
the  MP  transitions  resulting  from  interactions  of 
electrons  with  both  the  HgTe  and  the  CdTe  phonons 
are  unresolved.  These  MP  transitions  become  re¬ 
solved  at  higher  fields  and  temperatures.  To  fit  the 
MP  resonance  magnetic  field  positions  to  the  experi¬ 
mental  LME  data,  it  was  found  that  a  phase  shift  of  n/ 
2  to  lower  fields  must  be  applied  to  the  calculated  field 
positions  of  the  resonances.  This  phase  shift  is  consid¬ 
erably  larger  than  that  predicted  by  Arora  and 
Peterson,29  and  corresponds  to  the  phase  shift  pre¬ 
dicted  by  Barker,30  confirming  his  predictions  for  our 
experimental  conditions. 

Past  magnetoresistence  results31-34  for  low  x- value 
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(x  <  0.3)  samples  have  been  described  in  terms  of  LO- 
phonon  scattering  involving  only  HgTe  phonons.  How¬ 
ever,  the  LME  results  have  sufficient  resolution  to  see 
the  contribution  due  to  the  CdTe  LO  phonons  as  well. 
Thus,  our  results  also  support  the  premise  that  both 
HgTe  and  CdTe  LO  phonons  are  involved  in  the 
resonant  scattering  processes  which  gives  rise  to  MP 
resonances  in  MCT,  even  at  x- values  less  than  x  =  0.3. 

The  analysis  of  the  magneto-Seebeck  effect  of  com¬ 
posite  structures  in  particular  relies  on  the  trans¬ 
verse  magnetoresistance  of  n-type  MCT  [Eq.  (10)]. 
Only  scarce  information  on  the  magnetoresistance  of 
n-type  MCT  has  been  available  up  to  now.25  In  this 
study,  the  transverse  magnetoresistance  has  been 
investigated  between  0  and  12  kG  of  various  n-type 
MCT  samples  with  donor  densities  in  the  low  1014  cm-3  and 
electron  mobilities  in  the  high  105  cm2/(Vs)  range.  For 
magnetic  fields  larger  than  5  kG,  the  transverse 
magnetoresistance  of  all  samples  at  temperatures 
between  30  and  100K  was  found  to  be  nearly  propor¬ 
tional  to  B  as  illustrated  in  Fig.  6.  From  least  squares 
fits  to  the  experimental  data,  with  x  and  C  as  adjust¬ 
able  parameters,  an  average  value  C  ~  3  was  obtained 
for  the  magnetoresistance  factor  in  Eq.  (10),  and  the 
x-values  yielded  agree  with  those  determined  by  in¬ 
frared-transmission  analysis.  This  result  again  con¬ 
firms  that  LO-phonon  scattering  of  electrons  in  MCT 
is  dominant,  as  already  found  in  the  thermoelectric 
properties  at  temperatures  above  40K. 

Composite  Structures 

The  field  dependence  of  the  DTV  of  a  bulk  n-type 


B  (kG) 

Fig.  6.  Resistivity  vs  magnetic  induction  B  for  an  n-type  MCT  sample 
at  various  temperatures. 
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MCT  sample  with  a  p-type  core  at  7 5K  is  shown  in  Fig. 
7.  It  clearly  illustrates  the  dramatic  increase  in  the 
DTV  with  the  transverse  magnetic  field  applied  to 
this  composite  p-n  structure.  To  analyze  the  sample 
with  respect  to  composition,  doping,  and  thickness 
ratio  of  n-type  skin  to  p-type  core,  it  is  assumed  to  be 
composed  of  two  distinct  layers  with  abrupt  inter¬ 
faces.  The  mole  fraction,  x,  the  donor  and  acceptor 
densities,  ND  and  NA,  of  the  two  layers,  the  acceptor 
activation  energy,  EA,  the  magnetoresistance  factor  C 
in  Eq.  (10),  and  the  thickness  ratio,  dn/dp,  are  consid¬ 
ered  to  be  adjustable  parameters.  The  fits  yielded  the 
data  listed  in  the  table  inserted  in  Fig.  7.  The  param¬ 
eter  values  obtained  from  the  fit  to  the  variable- 
magnetic-field  DTV  data  compare  well  with  the  vari¬ 
able-temperature  zero-field  DTV  data.  It  is  interest¬ 
ing  to  note  that  the  magneto-DTV  analysis  yields  the 
same  value  for  C  as  the  analysis  of  the  magnetoresis¬ 
tance.  This  agreement  supports  the  validity  of  the 
magneto-Seebeck  analysis  based  on  Eq.  (5)  and  Eqs. 
(7)— (12). 

Subsequently,  the  p-type  core  was  removed  by 
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Fig.  7.  Seebeck  coefficient  a  vs  magnetic  induction  B  of  an  MCT  n-p 
structure  at  T  =  75K  before  (1)  and  after  (2)  the  p-type  layer  was 
removed  by  etching.  The  least  squares  fit  to  the  experimental  data  of 
the  n-p  structure  yields  x,  the  donor  and  acceptor  densities,  ND,  NA,  the 
acceptor  activation  energy,  EA,  and  the  thickness  ratio  of  the  n  and  p- 
type  layer,  dn/dp,  as  listed  in  the  inserted  table. 
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Fig.  8.  Magnetic  field  dependence  of  the  Seebeck  coefficient  of  an  p- 
on-n  heterostructure  together  with  least  squares  fits  to  experimental 
data  (*)  at  75  and  1 30K.  The  least  squares  fits  yield  the  structural  and 
dopant  parameters  as  listed  in  the  inserted  table. 
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data  [*)  at  75  and  1 30K.  The  least  squares  fits  yield  the  structural  and 
dopant  parameters  as  listed  in  the  inserted  table. 


etching  the  sample  chemo-mechanically  from  one 
side  down  to  a  quarter  of  the  original  thickness.  In 
contrast  to  the  original  sample  with  the  p-type  core, 
the  data  obtained  from  variable-field  DTV  measure¬ 
ments  on  the  thinned  specimen  exhibit  almost  no 
change  with  the  magnetic  field,  as  shown  in  Fig.  7. 
The  absolute  value  and  the  negative  sign  of  the  DTV 
as  well  as  its  slight  increase  with  field  between  0  and 
2  kG  is  typical  of  electrons  scattered  by  LO  phonons. 
The  x-value  and  donor  density  obtained  from  vari¬ 
able-temperature  Hall  measurements  confirm  the 
results  of  the  magneto-Seebeck  analysis. 

Figure  8  and  9  present  the  magnetic  field  de¬ 
pendence  of  the  Seebeck  coefficient  of  two  p-on-n 
heterostructures  together  with  the  least  squares  fits 
of  the  model  [Eqs.  (5),  (7)— (12)]  to  the  experimental 
data  at  temperatures  of  75  and  130K.  For  the  analy¬ 
sis,  the  p-on-n  hetrostructures  are  assumed  to  be 
composed  of  three  distinct  layers  with  abrupt  transi¬ 
tions:  a  p-type  wide  gap  cap  on  top,  a  p-type  narrow 
gap  absorber,  and  an  n-type  narrow  gap  absorber  on 
the  bottom.  The  mole  fractions,  x;  the  acceptor  and 
donor  densities,  NA  and  MD,  of  each  layer;  and  the 
thickness  ratios  of  the  n-type  and  p-type  absorbers  t  o 
the  cap  are  considered  adjustable  parameters.  Since 
the  thermoelectric  model  is  based  on  nondegenerate 
statistics,  the  analysis  must  be  confined  to  tempera¬ 
tures  for  which  the  Fermi  energy  is  more  than  lkT 
below  the  conduction  band  edge  of  the  n-type  layer. 
This  is  the  case  for  temperatures  of  130K  and  beyond. 
The  model  fits  very  well  the  variable-field  DTV  data 
obtained  for  130K.  The  parameter  values  obtained 
from  these  fits  are  used  to  fit  the  data  measured  on  the 
samples  at  75K.  Except  for  one  heterostructure  (Fig. 
8),  the  data  for  75K  is  fitted  very  well,  too.  There  is 
also  agreement  with  our  recently  published  variable- 
temperature  DTV  analyses  performed  on  these 
heterostructures.2  The  accuracy  obtained  from  the 
magneto-Seebeck  analysis,  however,  is  considerably 
higher  than  that  from  the  zero-field  analysis,  since, 
owing  to  the  magnetoresistance  of  the  n-type  layer, 
the  effect  of  variations  of  the  p-type  layer  parameters 
on  the  Seebeck  coefficient  of  p-n  multiple  layers  was 


found  to  be  much  larger  in  the  presence  of  a  magnetic 
field  than  in  the  absence. 

SUMMARY  AND  CONCLUSION 

F or  n-type  MCT  at  low  temperatures  ( 10  <  T  <  30K) 
and  weak  magnetic  fields  (B  <  2  kG),  the  TME  was 
seen  to  be  dominated  by  electron  scattering  on  ionized 
defects .  Longitudinal  acoustic  phonon  drag  was  found 
to  affect  the  TME  in  strong  magnetic  fields  (B  >  3  kG) 
at  low  temperatures  (T  <  20K).  Longitudinal  optical 
phonons  were  shown  to  prevail  in  the  electron  scatter¬ 
ing  at  higher  temperatures  (T  >  5 OK)  in  weak  mag¬ 
netic  fields.  With  increasing  magnetic  fields,  the  ef¬ 
fect  of  LO-phonon  scattering  decreases,  and  eventu¬ 
ally  the  TME  becomes  independent  of  electron  scat¬ 
tering.  The  LME  of  n-type  MCT  was  also  found  to 
exhibit  MP  oscillations  due  to  LO-phonon  scattering 
of  electrons  with  both  HgTe  and  CdTe  phonons. 

Finally,  the  thermoelectric  properties  of  MCT  lay¬ 
ers  with  n-p  structure  have  been  investigated  in 
transverse  (B  _L  VT)  magnetic  fields  using  the  lateral 
gradient  method  at  temperatures  between  10  and 
300K.  The  experimental  results  were  analyzed  with 
respect  to  the  relevant  structural  and  dopant  param¬ 
eters,  yielding  complete  information  on  the  hetero- 
structure  properties.  Thus,  the  TME  has  proved  par¬ 
ticularly  useful  in  determining  the  doping  and 
composition  of  the  constituent  layers  of  MCT  n-p 
structures.  This  effect,  therefore,  offers  a  high  poten¬ 
tial  for  nondestructive  characterization  of  layered 
MCT,  currently  used  in  most  FPA  infrared  detector 
designs. 
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Compositionally  Graded  HgCdTe  Photodiodes:  Prediction 
of  Spectral  Response  From  Transmission  Spectrum 
and  the  Impact  of  Grading 

D.  ROSENFELD,  V.  GARBER,  V.  ARIEL,  and  G.  BAHIR 

Kidron  Microelectronics  Research  Center,  Department  of  Electrical 
Engineering,  Technion  -  I.I.T.,  Haifa  32000,  Israel 

We  have  studied  the  infrared  transmission  spectrum  and  the  optical  perfor¬ 
mance  of  HgCdTe  photodiodes  containing  a  linear  composition  gradient  in  the 
active  layer.  Our  objectives  were  to  enable  the  prediction  of  the  optical  perfor¬ 
mance  of  a  photodiode  at  77K,  based  on  the  easily  and  nondestructively 
measured  transmission  spectra,  as  well  as  to  gain  a  better  understanding  of  the 
effects  of  the  grading  on  the  optical  performance.  Consequently,  we  address 
three  issues  here.  We  first  establish  improved  characterization  techniques  that 
can  provide  accurate  values  of  the  necessary  material  parameters  such  as 
gradient  in  composition.  Second,  we  present  a  model  that  can  predict  the  optical 
response  of  a  diode,  based  on  the  material  properties  and  the  diode's  geometry. 
Third,  we  use  the  above-mentioned  model  for  the  theoretical  calculations  of  the 
effects  of  the  grading  and  the  resulting  built-in  electric  field  on  the  diode's  optical 
response. 

Key  words:  Compositional  grading,  HgCdTe,  infrared  (IR)  transmission, 
photodiodes,  spectral  response 


INTRODUCTION 

The  use  of  Hgl  xCdxTe  based  heterojunction  photo¬ 
diodes  for  infrared  imaging  in  the  8-12  pm  atmo¬ 
spheric  window  is  well  established  and  needs  no 
elaboration.  Most  of  today’s  state  of  the  art  photovol¬ 
taic  detectors  are  fabricated  from  material  grown  by 
liquid  phase  epitaxy  (LPE).1-5  Other  epitaxial  tech¬ 
nologies,  such  as  metalorganic  chemical  vapor  depo¬ 
sition  (MOCVD)6  and  molecular  beam  epitaxy  (MBE), 7 
are  less  mature  and  are  still  in  the  research  level. 
Liquid  phase  epitaxially  grown  layers  unavoidably 
contain  a  gradient  in  composition  of  the  order  of  5  [cm-1]5 
which  results  in  an  almost  constant  built-in  electric 
field  in  the  quasi-neutral  region  of  about  8  V/cm. 
While  the  composition  change  in  LPE  layers  is  always 
negative  (i.e.  the  Cd  fraction  reduces  as  the  film 
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grows),  both  MOCVD  and  MBE  allow  the  flexibility  of 
incorporating  gradients  of  various  magnitudes  and  in 
either  direction. 

Although,  the  beneficial  effect  of  the  grading  on  the 
performance  of  HgCdTe  diodes  has  already  been  re¬ 
ported,158  modeling  of  its  influence  on  the  perfor¬ 
mance  of  the  photodiodes  is  not  fully  developed.  This 
is  due  to  the  variation  of  the  material’s  properties 
along  the  graded  region,  which  adds  a  complex  spa¬ 
tial-dependent  component  to  the  continuity  equation. 
Several  iterative  numerical  computer  codes  that  solve 
the  spatial  dependent  equation  are  available.  How¬ 
ever,  they  are  more  difficult  to  operate  and  therefore 
are  not  widely  employed. 

In  this  paper,  we  present  the  results  of  a  study  of  the 
optical  performance  of  HgCdTe  photodiodes  contain¬ 
ing  a  linear  gradient  in  composition  in  the  active 
layer.  The  objectives  of  the  study  are  to  enable  the 
prediction  of  the  optical  performance  of  photodiode 
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Fig.  1 .  A  schematic  description  of  the  composition  profile  in  LPE  grown 
HgCdTe  layer. 


based  on  material  properties,  as  well  as  to  gain  a 
better  understanding  of  the  effects  of  the  grading  and 
the  resulting  built-in  electric  field  on  the  diode’s 
optical  performance.  To  obtain  the  first  goal,  two 
major  issues  are  addressed:  the  accurate  determina¬ 
tion  of  the  composition  profile  from  transmission 
measurements,  and  the  prediction  of  the  77K  spectral 
response  from  the  obtained  profile.  Once  the  spectral 
response  is  modeled,  the  effects  of  the  grading  can  be 
theoretically  studied.  Although  we  chose  to  consider 
HglxCdxTe  diodes  suitable  for  sensing  radiation  in 
the  8-12  um  atmospheric  window  (x  =  0.22),  our 
results  and  conclusions  are  equally  applicable  to 
HgCdTe  photodioes  of  any  alloy  composition. 

At  a  given  operating  temperature,  the  Cel  mole 
fraction  (x)  is  the  main  property  that  determines  the 
spectral  response.  Hence,  for  a  rough  estimation  of 
the  spectral  response  and  the  cut-off  wavelength  of  a 
homogenous  photodiode  prior  to  its  fabrication,  the  x 
value  should  be  known.  Although  the  composition  can 
be  measured  directly,9’10  most  of  the  characterization 
techniques  are  based  on  indirect  measurements  of 
other  properties  and  the  use  of  empirical  relations  to 
infer  the  Cd  mole  fraction.2’10-13  Room  temperature 
infrared  (IR)  transmission  measurements  are  widely 
and  routinely  used.  Most  of  the  analysis  methods  use 
simple  empirical  formulas  obtained  from  mea¬ 
surements  of  homogenous  calibration  samples.  Un¬ 
fortunately,  these  empirical  formulas  cannot  be  used 
for  the  analysis  of  LPE  grown  layers  in  which  the 
material  properties  vary  along  the  growth  direction. 

A  technique  that  correlates  the  transmission  spec¬ 
trum  at  300K  with  the  linear  composition  profile  of 
graded  thin  layers  was  published  by  Hougen14  in 
1989,  recently  reviewed  by  Price  and  Boyd,2  and 


modified  by  Liu  et  al.13  This  technique  starts  with 
theoretical  calculation  of  the  transmission  spectrum 
by  integrating  the  contributions  of  thin  layers  to  the 
absorption  process,  and  then  uses  fitting  procedure  to 
obtain  the  composition  profile  from  a  measured  spec¬ 
trum.  In  this  paper,  we  present  improved  fitting 
procedures  as  well  as  a  reference  to  a  recently  pro¬ 
posed  characterization  technique  based  on  examin¬ 
ing  the  derivatives  of  the  absorption  spectra  with 
respect  to  the  photon  energy.16 

Precise  knowledge  of  the  composition  profile  is  only 
one  of  the  parameters  needed  for  an  accurate  predic¬ 
tion  of  a  diode’s  optical  performance.  The  other  pa¬ 
rameters  that  affect  the  spectral  response  can  be 
divided  into  three  major  categories:  material  proper¬ 
ties  such  as  surface  recombination  velocity  at  the 
CdTe/HgCdTe  interface,  minority  carrier  lifetime  and 
mobility;  geometry  factors  such  as  optical  area  and 
active  layer  width,  and  “external”  parameters  such  as 
the  illumination  side17  and  the  possible  existence  of 
anti-reflecting  coating  layer. 

The  prediction  of  the  optical  performance  of  LPE 
photodiodes  is  even  more  complicated  due  to  the 
unavoidable  composition  gradient  which  significantly 
complicates  the  equations  describing  the  physical 
phenomena.  Hence,  we  proceed  to  present  a  one¬ 
dimensional  analytical  solution  of  the  composition- 
dependent  continuity  equation  and  use  the  resulting 
carrier  distribution  to  calculate  the  diode’s  spectral 
response.  Using  the  solution,  we  present  some  theo¬ 
retical  calculations  which  demonstrate  the  effects  of 
the  grading  and  the  built-in  electric  field  on  the 
diode’s  optical  performance. 

The  paper  is  organized  as  follows:  the  IR  Transmis¬ 
sion  section  describes  improved  experimental  proce¬ 
dures  for  determining  the  composition  profile  of  graded 
material  from  its  transmission  spectra.  The  section 
on  Spatial-Dependent  Continuity  Equation  presents 
a  solution  of  the  one-dimensional  spatial-dependent 
continuity  equation.  In  Effects  of  Grading  on  Optical 
Performance,  we  use  the  solution  to  calculate  the 
detector’s  spectral  response  and  demonstrate  the  in¬ 
fluence  of  the  grading  on  the  diode’s  performance.  In 
the  last  section,  we  summarize  our  findings. 

IR  TRANSMISSION 

Room  temperature  IR  transmission  measurements 
are  the  most  common  characterization  techniques 
used  to  determine  the  composition  profile.  In  the  case 
of  homogenous  material,  the  transmission  spectrum 
in  the  range  800-4000  cm-1  is  measured,  and  the  x 
value  is  obtained  using  one  of  several  methods.2-10-13 
In  the  case  of  LPE  heterostructure  material  with  a 
thin  and  linearly  graded  active  layer,  the  procedure  of 
deriving  the  composition  from  the  measured  trans¬ 
mission  spectra  is  more  complicated.  As  the  detailed 
procedure  of  Hougen  has  already  been  experimentally 
confirmed,14  reviewed2  and  slightly  modified,15  we 
present  here  the  general  approach  only.  To  obtain  the 
accurate  composition  profile,  one  should  start  with  a 
general  parametric  expression  for  x(z)  which  contains 
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both  the  linearly  graded  active  region  and  the  narrow 
CdTe/HgCdTe  transition  region: 


x(z)  =  Xs  +  S(d  -  z)  +  (1-  X.  +  Sd) 


1-  erf 


(1) 


where  Xs,  S,  d,  and  Az  are  the  surface  composition,  the 
grading  slope,  the  active  layer  width  and  the  transi¬ 
tion  region  width,  respectively  (see  Fig.  1).  Here  we 
choose  to  describe  the  transition  profile  with  an  error 
function  which  is  usually  associated  with  diffusion 
phenomena.  Once  the  parametric  expression  is  set, 
the  theoretical  transmission  spectrum  for  arbitrary 
values  of  the  parameters  can  be  calculated.  This  is 
done  using  simple  multi-layer  reflection  theory  as 
well  as  published  experimental  expressions  for  the 
composition  dependence  of  the  absorption  coefficient 
a(x),  the  bandgap  Eg(x)  and  the  refractive  index  n(x). 
Finally,  the  theoretical  spectrum  is  compared  with 
the  measured  one,  and  the  correct  values  of  the  four 
parameters  are  obtained  using  a  nonlinear  iterative 
fitting  procedure.  Figure  2  shows  an  example  of 
Hougen’s  method:  the  circles  and  the  dashed  line 
represent  a  measured  transmission  spectrum,  while 
the  solid  curve  represent  the  best  fit  obtained  for  Xs  = 
0.2231,  S  =  10.53  cm1,  d  =  22.6  pm,  and  Az  =  5  pm.  In 
fact,  we  found  that  the  result  depends  strongly  on  the 
accuracy  of  the  measured  data  and  on  the  definition 
of  the  error. 

Although  the  above  four  parameters  represent  the 
best  fit,  other  groups  of  four  parameters  yield  similar 
results,  as  can  be  seen  in  Table  I.  While  group  A  was 
obtained  by  using  four  parameters,  the  other  groups 
were  obtained  by  using  a  smaller  number  of  param¬ 


eters.  In  group  B,  we  set  the  layer  width  to  be  20  pm 
(previously  obtained  from  the  fringes  at  the  800—1400 
cnr1  range).  In  group  C,  we  set  the  slope  to  be  5  cm1.5 
In  group  D,  we  set  both  d  =  20  pm  and  S  =  5  cm-1,  and 
used  two  parameters  in  the  fitting  only.  The  minor 
changes  in  the  deviations  given  in  the  right  column  of 
Table  I  indicate  that  all  four  groups  obtained  good  fit. 
This  is  due  to  the  low  ‘complexity’  of  the  transmission 
spectrum  which  is  usually  given  by  a  smooth  mono¬ 
tonic  lineshape.  In  addition,  the  complex  and  nonlin¬ 
ear  dependence  of  the  absorption  process  on  composi¬ 
tion  and  photon  energy,  significantly  complicate  the 
dependence  of  the  transmission  spectra  on  the  above 
four  parameters.  Hence,  it  is  possible  to  obtain  sev¬ 
eral  groups  of  parameters  with  a  small  change  in  the 
error  only.  This  note  is  significant  since  it  shows  that 
the  accuracy  of  the  method  is  limited. 

To  increase  the  accuracy  of  the  fitting-based  meth¬ 
ods,  one  can  either  reduce  the  number  of  fitting 
parameters  or  add  measured  results  to  raise  the 


Table  I.  The  Values  of  the  Surface  Composition 
Xs,  Compositional  Slope  S,  Active  Layer  Width  d, 
and  Transition  Region  width  Az,  Obtained  by 
Fitting  Procedure 


Xs 

Slope 

[pm-1] 

d 

[pm] 

Az 

[pm] 

Error 

A 

0.2231 

10.5 

22.6 

5 

6.6-10-2 

B 

0.2234 

10.7 

20 

0.5 

6.8-10-2 

C 

0.2269 

5 

21.8 

5.5 

7.0-10-2 

D 

0.2269 

5 

20 

3.25 

7.1-10-2 

Note:  Underlined  values  were  kept  unchanged  during  fitting  pro¬ 
cess. 
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Wave  Number  [cm  X] 

Fig.  2.  An  example  of  Hougen’s  method:  circles  with  dashed  line: 
measured  data;  solid  line:  best  fit  obtained  for  Xs  =  0.2231 ,  S  =  1 0.53 
cm-1,  d  =  22.6  pm,  and  Az  =  5  pm. 


Wave  Number  [cm  J] 

Fig.  3.  Transmission  spectra  of  an  LPE  sample  at  three  different  layer 
widths.  Circles:  measured  data;  solid  lines:  best  fit.  The  best  fit  values 
of  d,  S,  Xs,  and  Az  are  also  indicated. 
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Fig.  4.  Transmission  spectra  of  an  LPE  sample  at  six  different 
temperatures.  Circles:  measured  data;  solid  lines:  best  fit.  The  best  fit 
values  of  d,  S,  Xs,  and  Az  are  also  indicated. 


complexity  of  the  experimental  data.  We  choose  to 
include  additional  data  obtained  by  measuring  the 
transmission  spectrum  of  the  same  sample  at  either 
different  layer  widths  or  different  temperatures.  The 
circles  in  Fig.  3  represent  the  measured  transmission 
spectra  of  one  of  our  LPE  samples.  The  first  spectrum 
is  associated  with  a  layer  width  of  27  pm.  The  second 
and  third  spectra  were  measured  after  6  and  16  pm 
were  etched,  respectively.  The  solid  lines  represent 
the  theoretical  spectra  obtained  by  fitting  the  model 
to  the  three  spectra  together .  The  parameters  associ¬ 
ated  with  the  best  fit  are  S  =  13  cm-1,  Xs  =  0.2148 
(before  etching),  and  Az  =  3  pm. 

While  the  procedure  described  in  Fig.  3  is  both 
destructive  and  tedious,  the  one  described  in  Fig.  4  is 
nondestructive  and  simpler.  This  figure  shows  trans¬ 
mission  spectra  of  sample  #49  measured  at  six  tem¬ 
peratures,  between  78  and  300K.  The  additional  data 
was  added  here  by  changing  the  temperature  rather 
than  by  changing  the  width.  Once  again,  the  solid 
circles  represent  the  measured  data,  and  the  solid 
lines  represent  the  theoretical  spectra  obtained  by 
fitting  the  model  to  the  six  spectra  together.  The 
width  of  the  layer  (d)  was  obtained  using  the  fringes 
at  the  room-temperature  spectrum  (not  shown  in  Fig. 
4).  The  values  of  S,  Xs,  and  Az  were  obtained  by  the 
fitting  procedure  and  are  also  given  in  the  figure. 

It  should  be  noted  here  that  although  we  choose  to 
increase  the  accuracy  of  the  fitting  method  by  in¬ 
cluding  additional  data,  the  accuracy  can  be  also 
increased  by  reducing  the  number  of  fitting  pa¬ 
rameters.  For  instance,  the  average  bandgap  and  the 
composition  gradient  can  be  obtained  by  examining 
the  derivatives  of  the  absorption  spectra  with  respect 
to  the  photon  energy.  The  details  of  this  recently 


developed  novel  technique,  as  well  as  experimental 
results,  are  given  elsewhere.16 

THE  SPATIAL-DEPENDENT 
CONTINUITY  EQUATION 

In  this  chapter,  we  present  a  one-dimensional 
analytical  model  for  the  spectral  response  of  linearly 
graded  P-on-n  HgCdTe  heterojunction  photodiode.  To 
simplify  the  model,  we  replaced  the  actual  graded 
CdTe/HgCdTe  transition  region  with  an  abrupt  inter¬ 
face.  We  assume  that  a  p-n  junction  is  formed  either 
by  growing  an  additional  p-type  layer  with  higher  Cd 
concentration,  or  by  As  implantation  and  activation 
procedure.7  We  further  assume  that  due  to  the  small 
thicknesses  of  space  charge  region  and  the  upper 
layer  (and  the  possible  wider  bandgap),  the  absorp¬ 
tion  occurs  mostly  in  the  active  layer,  and  hence  this 
region  dominates  the  photocurrent.  We  also  assume 
that  the  diodes  are  large  enough  and  thus  two-dimen¬ 
sional  effects  such  as  cross-talk  do  not  introduce  a 
large  error.  In  the  case  of  heterostructure,  we  assume 
that  the  electrical  junction  is  located  inside  the  nar¬ 
row  bandgap  region  and  disregard  the  possible  effect 
of  the  barrier.  Other  assumptions  will  be  discussed 
later. 

The  steady-state  continuity  equation  in  the  lin¬ 
early  graded  n-type  region  is: 


D 


p 


32APph 

3z2 


p  E 

"  p  0 


9APh 

3z 


— —  +  Gj  (z,  X)  =  0  (2) 

T 


where  APph  is  the  concentration  of  excess  photo-gener¬ 
ated  minority  carriers,  GL(z,A.)  is  their  position-  and 
wavelength-dependent  generation  rate,  Dp,  p  ,  and  x 
are  the  minority  carrier  diffusion  coefficient,  mobility 
and  lifetime,  respectively,  and  Eo  =  -3E Jdz  is  the 
constant  electric  field  resulting  from  the  linear  com¬ 
position  profile  and  the  almost  linear  dependence  of 
the  bandgap  (Eg)  on  composition.18 

In  Eq.  (2),  we  assumed  that  the  three  properties 
that  characterize  the  hole  (Dp,  p^,  xp)  are  constants. 
The  maximum  change  in  composition  in  this  study  is 
less  than  4%  along  the  active  layer,  and  hence  the 
change  in  Dp  and  pp  is  minor.  The  assumption  of 
constant  xp  is  weaker  and  requires  more  attention. 
Assuming  the  n-type  layer  is  of  high  quality  and  thus 
xp  is  dominated  by  the  Auger  1  mechanism,  the  minor¬ 
ity  carrier  lifetime  under  low  injection  conditions  can 
be  written  as:19 

TpoeP.-'cAi  (3) 

were  Po  is  the  thermally  generated  minority  carrier 
concentration  and  xj41  is  the  intrinsic  Auger  1  life¬ 
time.  In  a  previous  work,20  we  showed  that  when  the 
layer  under  discussion  is  n-type  and  linearly  graded, 
vA1  and  Po  demonstrate  opposite  exponential  depen¬ 
dencies  upon  composition,  which  drastically  decreases 
the  overall  composition  dependence  of  xp.  The  result¬ 
ing  composition  dependence  is  weak  and  therefore 
can  be  taken  as  constant.  Hence,  when  solving  the 
continuity  equation  in  a  high  quality  n-type  active 
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layer,  this  assumption  is  valid.  However,  when  deal¬ 
ing  with  a  p  type  region,  in  which  the  lifetime  is 
usually  dominated  by  Shockley-Read-Hall  mecha¬ 
nism,  some  error  will  be  introduced. 

Although  the  weak  composition  dependence  of  Tp 
was  ignored,  and  D  and  pp  were  assumed  to  be 
constant,  the  spatial  dependence  of  all  other  material 
properties  such  as  the  absorption  coefficient  a  and  the 
bandgap  Ect  were  not  neglected  and  were  included  in 
the  term  dL(z,X).  When  the  P-on-n  diode  is  illumi¬ 
nated  from  the  backside  with  a  monochromatic  pho¬ 
ton  flux  of  wavelength  X,  GL(z)  is  given  by: 

G  (z)  =  _d^(z)=a(z)Wle-W,du  (4) 
dz 


where  (])(z)  is  the  photon  flux  distribution  and  0O  is  its 
value  at  the  edge  of  the  absorbing  layer. 

The  minority  carrier  concentration  P  ,  can  be  ob¬ 
tained  by  using  the  Lagrange  method  of  variable 
constants  together  with  the  boundary  conditions.20 
Knowing  the  profile  of  the  photo-generated  excess 
carriers  the  photo-current  Jph  can  be  calculated: 


JPh  =  -qD, 


SAP, 


ph 


dz 


+qpPE0AP 


ph 


(5) 


Finally,  the  quantum  efficiency  r|  =  JptMo  can  be 
written  as: 


(mLp  +  P)(G2  -  Gj  +  (G2  -  Gt) 


,  .  f  d  1 

1  ld 

r  d  l 

2 

(mLp  +p)sinh 

V  ef r  J 

+  — —  cosh 

1  Lefr 

where 

G=  —  fdG,  •  e-(m+N)udu  (7) 

1  lJo 

G,  =  —  [d  G.  •  e-(m-N)udu  (8) 

<t>o  J° 


m  ~  2kT  ’  Leff 


^m2L2p  + 1 


D. 


(9) 


and  where  S  is  the  surface  recombination  velocity  at 
the  backside,  d  is  the  width  of  the  linearly  graded 
n-type  active  layer,  and  Lp  is  the  diffusion  length 
given  by  L  =  (D  x  )1/2.  In  the  case  of  homogenous 
material,  wliere  dfijfjz  =  0,  Eo  =  0,  m  =  0  and  Leff  Lp, 
the  above  equation  reduces  to  the  well-known  expres¬ 
sion  associated  with  the  homogenous  junction.7’21'22 

Figure  5  shows  the  quantum  efficiency  of  one  of  the 
diodes  fabricated  on  the  sample  whose  properties 
were  previously  obtained  from  the  multi-temperature 
transmission  measurement  described  in  Fig.  4.  The 
circles  represent  the  measured  spectrum  while  the 
solid  line  represents  the  prediction  of  the  model  based 


on  Xs  =  0.2288,  S  =  7.5  cm-1,  d  =  25  pm,  and  Az  =  3  pm 
(see  the  results  of  Fig.  4)  and  on  Sp  =  0.  As  can  be  seen, 
the  model  predicts  well  the  cut-off  wavelength  and 
the  photo-current  which  is  roughly  related  to  the  area 
under  the  curve.  However,  the  model  fails  to  predict 
the  precise  wavelength  dependence  of  the  quantum 
efficiency  around  the  cut-off  wavelength.  This  devia¬ 
tion  can  be  explained  by  two-dimensional  effects  such 
as  cross-talk  or  can  be  the  result  of  errors  introduced 
by  our  assumptions.  To  find  the  source  of  the  error 
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Fig.  5.  Quantum  efficiency  of  a  diode  fabricated  on  the  sample  of  Fig. 

4.  Circles:  measured  data,  solid  line:  model’s  prediction  based  on  Xs, 

5,  d,  and  Az  of  Fig.  4.  Sp  =  0  is  assumed. 


Fig.  6.  Six  possible  composition  profiles  in  the  active  layer.  Slopes  are 
0,  4,  7.5,  11,15,  and  20  cm-1 .  Resulting  built-in  electric  fields  are  0,  6, 
12,  18,  24,  and  32  V/cm,  respectively. 
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Wavelenghth  [pm] 

Fig.  7.  Calculated  spectral  quantum  efficiency  of  the  diodes  of  Fig.  7. 


Wavelength  [pm] 

Fig.  8.  Calculated  spectral  quantum  efficiency  of  a  photodiode  with  dx/ 
3z  =  6.25  cm-1  (built-in  electric  field  of  10  V/cm),  with  the  surface 
recombination  velocity  (S  )  as  a  parameter. 


and  to  improve  the  model,  more  experimental  data 
should  be  collected.  Other  diodes,  fabricated  on  other 
structures  with  different  composition  profiles,  show 
similar  results. 

EFFECTS  OF  GRADING  ON  OPTICAL 
PERFORMANCE 

Since  the  model  predicts  well  both  the  cut-off  wave¬ 
length  and  the  photo-current,  it  can  be  used  for 
analysis,  design,  and  optimization.  Here  we  demon¬ 
strate  the  effects  of  the  grading,  surface  recombination 


Surface  Recombination  Velocity  [cm/sec] 

Fig.  9.  Cut-off  wavelength  of  a  1 0  urn  linearly  graded  diode  vs  backside 
surface  recombination  velocity. 

velocity,  active  region  width,  and  other  parameters  on 
the  diode's  photo-current  and  cut-off  wavelength. 

Figures  6-9  demonstrate  the  effects  of  grading  and 
surface  recombination  velocity  on  the  spectral  re¬ 
sponse  and  cut-off  wavelength.  Figure  6  shows  seven 
possible  composition  profiles  in  the  active  layer  asso¬ 
ciated  with  slopes  of  0,  4,  7.5,  11,  15,  and  20  cnr1  and 
built-in  electric  fields  of  0,  6,  12,  18,  24,  and  32  V/cm, 
respectively.  Assuming,  for  example,  that  the  active 
region  is  n-type  with  tp  =  1  us,  pp  =  600  cm2/Vs,  and  S 
=  104  cm/s,  all  diodes  result  in  cut-off  wavelength  of  1(5 
urn  when  operated  at  77K  and  illuminated  from  their 
backside.  Figure  7  shows  the  calculated  spectral  quan¬ 
tum  efficiency  of  the  diodes  of  Fig.  6.  The  figure  shows 
in  the  homogenous  case  the  low  quality  CdTe/HgCdTe 
interface  cause  insufficient  quantum  efficiency  of 
about  40%.  However,  when  the  grading  slope  is  raised, 
and  electric  fields  with  higher  values  are  established, 
the  quantum  efficiency  significantly  increases,  and 
the  optical  performance  is  greatly  improved. 

Figures  8  and  9  demonstrate  the  effect  of  the  sur¬ 
face  recombination  velocity  on  diode's  performance. 
Figure  8  shows  the  calculated  spectral  quantum  effi¬ 
ciency  of  a  photodiode  with  dx/dz  -  6.25  cnr1  (built-in 
electric  field  of  10  V/cm),  with  the  surface  recombina¬ 
tion  velocity  (Sp)  as  a  parameter.  As  SD  is  elevated,  the 
diode's  performance  is  strongly  degraded,  mostly  due 
to  the  reduction  in  the  contribution  of  the  shorter 
wavelengths.  However,  as  the  optical  performance 
deteriorates,  the  cut-off  wavelength  (kco)  increases 
(see  solid  circles).  This  is  due  to  the  particular  defini¬ 
tion  of  the  cut-off  wavelength  as  the  wavelength  for 
which  the  quantum  efficiency  reduces  to  half  of  its 
maximal  value.17  Hence,  the  longer  cut-off  wave¬ 
length  results  from  the  degradation  in  short-wave- 
length  response  rather  than  from  improvement  in 
long-wavelength  performance.  The  increase  in  cut-off 
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wavelength  with  the  diode’s  performance  degrada¬ 
tion  is  also  demonstrated  in  Fig.  9.  The  figure  shows 
the  cut-off  wavelength  of  a  10  pm  linearly  graded 
diode  vs  the  surface  recombination  velocity  at  the 
backside.  Three  regions  are  clearly  demonstrated;  for 
S  <103  cm/s,  the  cut-off  wavelength  is  not  effected  by 
Sp;  over  the  range  of  103<Sp<105  cm/s,  the  curve 
demonstrates  logarithmic  dependence  on  S  and  de¬ 
viation  from  10  pm  by  up  to  0.2  pm.  Finally,  for  Sp>105 
cm/s,  Xco  obtains  the  saturation  value  of  10.2  pm. 

The  quantum  efficiency  given  in  Eq.  (6)  is  as¬ 
sociated  with  the  linearly  graded  diode  illuminated 
with  monochromatic  photon  flux.  However,  to  prop¬ 
erly  compare  the  performance  of  photodiodes,  the 
contributions  of  all  photons  with  wavelengths  longer 
than  8  pm  and  shorter  than  the  cut-off  wavelength 
should  be  calculated.  The  relevant  parameter  is  there¬ 
fore  the  weighted  average  of  the  quantum  efficiency 
given  by: 


[A2q(^)n(A,)dA, 


where  n(?0  is  the  spectral  radiant  photon  emittence  of 
the  target  given  by  Plank’s  radiation  law.  The  use  of 
the  weighted  average  is  also  appropriate  since  it  is 
directly  proportional  to  the  photo-current  by  1^  = 
qAopr|avNo  [where  Aop  is  the  optical  area  No  is  the  total 
number  of  photons  given  by  the  denominator  n  Eq. 
(10)].  It  should  be  emphasized  here  that  the  values  of 
the  weighted  average  are  smaller  than  these  of  the 
quantum  efficiency  in  the  shorter  wavelength  range. 
This  is  due  to  the  small  contributions  of  photons  in 
wavelengths  close  to  Xco  for  which  r|  is  relatively  low. 

Figure  10  shows  the  average  quantum  efficiency  of 
a  diode  with  the  same  material  properties  as  the  diode 
of  Figures  6-9,  vs  the  active  layer  width,  with  the 
grading  as  a  parameter.  The  lowest  curve  represents 
the  homogenous  case.  It  can  be  seen  that  the  homog¬ 
enous  diode  is  associated  with  an  optimal  layer  width 
of  about  10  pm.  However,  if  the  active  layer  is  grown 
wider,  there  would  be  a  strong  degradation  in  the 
quantum  efficiency  which  reduces  from  80  to  50%.  As 
the  grading  slope  is  raised  and  stronger  built-in 
electric  fields  are  formed,  the  degradation  is  smaller. 
In  the  most  extreme  case  presented  here  where  the 
built-in  electric  field  is  of  the  order  of  25  V/cm,  the 
quantum  efficiency  is  completely  independent  of  the 
layer  width. 

Figure  11  shows  the  average  quantum  efficiency  vs 
the  built-in  electric  field  with  the  surface  recombina¬ 
tion  velocity  as  a  parameter.  It  seems  that  in  all  cases 
there  is  a  degradation  in  performance,  namely,  as  the 
surface  recombination  velocity  increases — the  aver¬ 
age  quantum  efficiency  decreases.  However,  in  the 
homogenous  case,  where  no  electric  field  is  present, 
the  degradation  is  by  a  factor  of  three,  from  90  to  30%. 
On  the  other  hand,  in  the  outermost  case,  where 
strong  electric  field  of  30  V/cm  is  present,  the  degra¬ 
dation  is  significantly  smaller,  from  90  to  about  70%. 


SUMMARY 

A  study  of  the  IR  transmission  spectrum  and  the 
optical  performance  of  HgCdTe  photodiodes  contain¬ 
ing  a  linear  gradient  in  composition  in  the  active 
layer,  was  presented.  Three  subjects  were  addressed. 
First,  we  suggested  improved  Fourier  transform  in¬ 
frared-based  characterization  techniques  that  can 
provide  the  composition  profile  of  a  graded  epitaxial 
layer.  Then,  we  presented  a  model  that  can  predict 


0  10  20  30 


Layer  Width  [pm] 

Fig.  1 0.  Average  quantum  efficiency  of  a  diode  with  the  same  material 
properties  as  the  diodes  of  Figs.  7-1 0  vs  the  active  layer  width ,  with  the 
grading  as  a  parameter. 


Electric  Field  [V/cm] 

Fig.  11.  Average  quantum  efficiency  vs  built-in  electric  field  with  the 
surface  recombination  velocity  as  a  parameter. 
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the  optical  response  of  a  diode,  based  on  the  obtained 
composition  profile  and  other  properties.  In  the  last 
section,  we  confirmed  the  model  and  used  it  to  per¬ 
form  theoretical  calculations  of  the  effects  of  the 
grading  and  the  resulting  built-in  electric  field  on  the 
diode’s  cut-off  wavelength  and  average  quantum  effi¬ 
ciency.  We  showed  that  the  major  consequence  of 
grading  is  the  reduction  of  the  effects  caused  by  sub- 
optimal  properties. 
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Effect  of  a  Valence-Band  Barrier  on  the  Quantum  Efficiency 
and  Background-Limited  Dynamic  Resistance  of  Compositionally 
Graded  HgCdTe  P-on-n  Heterojunction  Photodiodes 
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A  new  analytical  model  for  the  bias-dependent  quantum  efficiency  of  a  HgCdTe 
P-on-n  heterojunction  photodiode  with  a  valence  band  barrier  elucidates  the 
important  physics  of  the  phenomenon  and  shows  that  the  background-induced 
shunt  resistance  is  a  result  of  the  same  mechanism,  that  is,  a  tendency  of  the 
light-induced  carriers  to  pile  up  in  the  base  layer  due  to  the  retarding  field 
produced  by  the  barrier.  A  parameterized  version  of  the  model  agrees  well  with 
experimental  current- vs-voltage  and  noise  measurements. 

Key  words:  Band  offset,  heterojunctions,  HgCdTe,  quantum  efficiency 


INTRODUCTION 

HgCdTe  is  well  established  as  the  material  of 
choice  for  fabricating  high-sensitivity  detectors  over  a 
wide  range  of  infrared  wavelengths.1  The  most  sensi¬ 
tive  detectors  use  heterojunction  photodiodes  in  a 
wide-gap-P  on  narrow-gap-n  configuration,  since  the 
larger  gap  reduces  the  dark  current  contributions 
from  the  p-type  material.2-5  Although  a  number  of 
growth  techniques  are  used  for  device  development, 
most  detector  material  continues  to  be  grown  by 
liquid  phase  epitaxy  (LPE)  because  of  the  combina¬ 
tion  of  large  wafer  area  with  consistently  high  mate¬ 
rial  quality.  It  has  been  recognized  for  some  time  that 
with  this  growth  technique  it  is  important  to  place  the 
increase  in  the  alloy  composition  between  the  n-type 
base  and  the  p-type  cap  so  as  to  prevent  the  formation 
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of  barriers  to  minority  carrier  transport  from  the  base 
to  the  junction  depletion  region.6  The  barrier  has  been 
shown  by  numerical  modeling  to  reduce  the  quantum 
efficiency.7 

It  has  also  been  recognized  for  some  time  that  in  the 
presence  of  strong  optical  illumination  the  dynamic 
resistance  of  a  photodiode  fabricated  from  material  of 
uniform  composition  (InSb  or  HgCdTe  homojunctions) 
can  be  limited  by  an  effective  shunt  resistance  in¬ 
versely  proportional  to  the  strength  of  the  illumina¬ 
tion,  and  that  the  magnitude  of  the  effect  can  be 
calculated  using  a  relatively  simple  analytical  model.8’9 
The  conditions  for  this  effect  in  solar  cells  were  exam¬ 
ined  by  Lindholm  et  al.10  and  by  Tarr  and  Pulfrey.11 
This  effect  in  compositionally  graded  HgCdTe 
heterojunctions  has  recently  been  shown  by  numeri¬ 
cal  modeling  to  vary  with  the  heterojunction  struc¬ 
ture,12  without  invoking  additional  photogeneration 
in  the  depletion  region.13  However,  numerical  model- 
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< . . . n-HgCdTe  . . .  >  <3-  —  p-HgCdTe  —  > 


Vbc: 


d'  d’*b 


Position  y 

Fig.  1 .  Schematic  representation  of  the  conduction  and  valence  band 
energies  with  respect  to  the  Fermi  level  (upper  and  lower  solid  curves) 
and  the  electrostatic  potential  (heavy  solid  cun/e)  vs  position  in  a 
compositionally  graded  heierojunction  diode.  The  n-type  base  layer  is 
on  the  left,  and  the  p-type  cap  layer  is  on  the  right.  The  vertical  dashed 
lines  represent  the  edges  of  the  junction  depletion  region.  The  effec¬ 
tive  height  Vbar  and  width  b  of  the  barrier  are  indicated,  as  well  as  the 
linear  approximation  used  to  obtain  an  analytical  model  for  the 
quantum  efficiency. 


ing  provides  only  limited  insight  into  the  physical 
origins  of  this  effect  and  does  not  show  the  deep 
connection  between  the  quantum  efficiency  barrier 
and  the  illumination-limited  resistance. 

In  this  paper,  we  derive  a  simple  analytical  model 
which  shows  that  the  heterojunction  barrier  and  the 
illumination-limited  resistance  are  intimately  related 
effects.  In  the  next  section,  we  first  show  that  a  simple 
two-piece  model  for  the  potential  in  the  base  layer 
region,  including  a  retarding  field  due  to  the  barrier 
near  the  depletion  region  edge,  can  be  solved  for  an 
expression  for  the  optically  induced  carrier  density 
and  the  quantum  efficiency.  We  then  use  a  depletion 
region  model,  including  the  effects  of  the  alloy  composi¬ 
tion  change  on  the  effective  electric  potential  in  the 
base,  to  obtain  the  approximate  potential  needed  to 
calculate  the  quantum  efficiency.  Since  the  position  of 
the  depletion  region  edge  varies  with  the  bias  applied 
to  the  junction,  the  model  can  be  used  to  calculate  the 
bias  dependence  of  the  quantum  efficiency.  It  is  this 
bias-dependent  quantum  efficiency  that  is  the  charac¬ 
teristic  symptom  of  the  “barrier.” 

The  bias  dependence  of  the  quantum  efficiency  also 
implies  an  increase  in  the  photocurrent  with  increas¬ 
ing  reverse  bias,  which  is  the  characteristic  symptom 
of  the  bias-limited  shunt  resistance  described  by 
Rosbeck  et  alA9  In  the  case  of  compositionally  graded 
heterojunction  diodes,  however,  this  effect  can  be  one 
or  more  orders  of  magnitude  larger  than  for  a 
homojunction.12  In  the  next  section,  we  also  show  that 
the  diode  current  noise  due  to  this  effect  takes  the 
form  of  increased  shot  noise  at  reverse  bias  rather 
than  thermal  noise  due  to  the  illumination-depen¬ 
dent  resistance.  In  the  section  entitled  Numerical 
Model,  we  show  that  the  quantum  efficiency  and 
dynamic  resistance  from  numerical  simulations  are 
in  qualitative  agreement  with  the  analytical  model. 


In  Comparison  with  Experimental  Data,  we  compare 
the  results  of  the  model  with  experimental  data. 

ANALYTICAL  MODEL 

The  purpose  of  this  work  is  to  examine  the  bias  and 
illumination  dependence  of  the  current  in  a  composi¬ 
tionally  graded  P-on-n  heierojunction  photodiode. 
Assuming,  for  simplicity,  that  the  total  diode  current 
is  dominated  by  diffusion  effects,  it  can  be  written 

I(V)  =  -qQbAq(V)+Isat  (e^-1)  ( 1) 

where  q  is  the  electronic  charge,  T  the  absolute 
temperature,  Qb  the  background  photon  flux,  A  the 
diode  area,  and  I  ,  the  saturation  current  due  to 
diffusion.  Since  the  quantum  efficiency  rj  depends  on 
the  applied  voltage  V,  there  is  a  term  in  the  inverse 
resistance,  a  shunt  conductance,  proportional  to  the 
background  Qb.  The  conductance  is  given  by 


1 

R(V) 


-qQtA 


dr|(V) 

dV 


+ 


0  qV / kT 


(2) 


In  this  section,  we  derive  an  analytical  expression 
for  the  quantum  efficiency  of  a  heterojunction  photo¬ 
diode  as  a  function  of  the  applied  bias,  in  the  limit 
where  the  heterojunction  barrier  effects  are  much 
larger  than  the  homojunction  effect  described  by 
Rosbeck  et  al.S9  The  variation  of  the  conduction  and 
valence  band  energy  and  of  the  electrostatic  potential 
are  illustrated  schematically  in  Fig.  1  for  a  backside- 
illuminated  photodiode  constructed  from  a  low-doped 
n-type  base  region,  on  the  left,  with  a  gradual  increase 
in  the  alloy  composition  accompanied  by  a  change  in 
doping  to  a  higher-gap,  high-doped  p-type  cap  on  the 
right.  If  the  alloy  composition  increase  occurs  too  deep 
in  the  base  region,  the  valence  band  energy  is  forced 
to  decrease,  resulting  in  a  barrier  to  the  collection  of 
minority  carrier  holes  generated  in  the  base  by  the 
backside  illumination.  Our  objective  in  this  section  is 
to  obtain  a  completely  analytical  solution  for  the 
light-induced  carrier  concentration  and  current  den¬ 
sity  due  to  diffusion  from  the  base.  To  this  end,  we 
first  approximate  the  potential  in  Fig.  1  as  a  two-piece 
function,  one  with  a  constant  potential,  in  the  bulk  of 
the  base  layer,  and  one  with  a  constant  retarding  field 
near  the  depletion  region  edge,  and  use  this  potential 
to  derive  an  expression  for  the  quantum  efficiency  as 
a  function  of  the  parameters  of  this  potential.  We  then 
derive  expressions  for  the  position  of  the  edges  of  the 
depletion  region  and  for  the  potential  as  a  function  of 
postition  in  the  base  and  cap,  and  then  use  these 
expressions  to  calculate  the  quantum  efficiency  as  a 
function  of  bias.  Finally,  we  derive  from  these  models 
expressions  for  the  illumination-limited  shunt  resis¬ 
tance  and  examine  the  effect  of  the  barrier  on  expres¬ 
sions  for  the  diode  current  noise. 

Quantum.  Efficiency  for  a  Two-Piece  Potential 

We  write  the  potential  in  the  the  linear  approx¬ 
imation  to  the  heterojunction  as  a  two-piece  function, 
constant  for  0  <  y  <  d'  and  increasing  linearly  to  y  =  d' 
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+  b,  where  d'  is  the  distance  from  the  substrate-n-type 
base  layer  interface  to  the  onset  of  the  barrier  region, 
and  b  is  the  thickness  of  the  barrier  region. 


y(y)  = 


0  <  y  <  d' 


Vbase+E(y-d')  d'<y<d'  +  b 


(3) 


and 


Aje-^'  +  BaeKd'  + 

=  A2[e-ad'  +  B2  +  C2e~2a°d'] 


(12) 


The  slope  in  Eq.  (3)  corresponds  to  a  constant  de¬ 
celerating  field  E  for  the  minority  carrier  holes,  and 
the  total  barrier  height  is  given  by  Vbar  =  Eb.  We  now 
calculate  the  junction  current  in  this  linear  approxi¬ 
mation  for  illumination  at  the  backside  of  the  base 
layer  (y  =  0).  We  solve  the  drift-diffusion  equation  for 
the  light-induced  excess  hole  density  Ap(y): 


Aj-ae-^  +  kB^'  -  C1e”Kd'] 

=  A2[-ae-ad'  +  2a0e~ad'  +2a0B2]  (13) 

where  we  have  approximated  a0  »  k  (qVbar/kT  »  1) 
which  gives  oq  ~  0  and  a2  ~  -2a0.  The  solutions  to  are, 
for  aL  »  1,  for  0  <  y  <  d' 


D  “T~^~  +  -  —  =  aQbe-ay  (4) 

dy2  dy  x 

with  D  =  gkT/q  the  ambipolar  diffusion  coefficient,  p 
the  ambipolar  mobility,  x  the  lifetime  of  the  minority- 
carrier  holes  in  the  n-type  base  layer,  Qb  the  (back¬ 
ground)  optical  flux,  and  a  the  absorption  coefficient. 
Using  Eq.  (3),  we  set  E  =  0  in  the  bulk  of  the  base  layer. 
We  require  continuity  at  y  =  d'  of  Ap(y)  and  the  light- 
induced  current 


A-J(y)  =  -qD  -  qpEAp(y)  (5) 

dy 

The  other  boundary  conditions  are  Ap(d'+b)  =  0,  at  the 
depletion  region  edge,  and  dAp(0)/dy  =  0  at  the  sub¬ 
strate  interface  (no  interface  recombination). 

The  general  solution  to  Eq.  (4)  is  of  the  form 

A^e-^  -fB^^ 0<y<d' 

^  A2(e_ay  +  B2e“iy  +  C2e(*2y )  d'  <  y  <  d'  +  b 

where  k  =  1/L  (the  inverse  of  the  hole  diffusion  length), 
and 


Ap(yU 


(14) 


QbL 


qELsinh 


kT  cosh 


d'-y 


Lj(eqvbar/kT  _  j) 


^  qELcosh^L  +jtTSinh^Lj(eqvtar/kT  _  ^ 


and  for  d'  <  y  <  d'  +  b 


QbL 


Ap(y) « 

Jcrjij’eqE(d'+b-y)/kT  _ 


^  qELcosh  d-  +  kT  sinh  —  ](eqV‘"/kT  -  1) 
v  L  )  l  L 


(15) 


The  junction  current  at  y  =  d'  +  b  is  calculated 
according  to  Eq.  (5).  The  resulting  quantum  efficiency 
r\  is  given  by  Aj(d'+b)/qQh  which  is 


n(V)  =  - 


r  a' 


cosh 


kT 


d' 


,  + - sinhl  —  KeqV-<v,/kT  -  1) 

L )  qEL  l  L  |V  ’ 


-(16) 


aj  =  -a0  ±^io\  +  k2  (7) 

2 

with  a0  =  pE/2D  =  qE/2kT,  and 


_  aQbT 
1  l-a2U 

A  «QbT 

2  l+2a0aL?  -a2U 

The  boundary  conditions  give  (at  y  =  0) 
kB1  -  kC1  =  a 

and  at  y  =  d'+b 


(8) 

(9) 

(10) 


B2ea4d^)+c2e«4d^)=_1  (11) 

The  boundary  conditions  at  the  base  -  barrier  region 
interface  give 


where  we  have  again  made  the  approximations  aL  » 
1  and  qEL/kT  »  1  and  have  explicitly  included  the 
voltage  dependence  of  Vbar  for  future  use. 

Representative  curves  for  the  quantum  efficiency 


0  10  20  30  40  50 


1000/T  (/K) 

Fig.  2.  Quantum  effiency  vs  inverse  temperature  for  representative 
parameters:  d'  =  1 5  pm,  AV  =  0.01  V,  L  =  1 5  pm,  and  E  =  500  V/cm  (AE 
=  0.025  eV  and  W  =  0.5  pm). 
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Fig.  3.  Electrostatic  potential  vs  position  at  zero  bias  from  three 
models:  the  numerical  model  (light  solid  line),  depletion  approximation 
(heavy  solid  line),  and  linearized  analytical  approximation  (heavy 
dashed  line).  The  regions  of  the  potential  forthe  depletion  appoximation 
are  illustrated:  Region  1  (z  <  -wn),  Region  2  (-wn  <  z  <  0)  and  Region 
3  (0  <  z  <  w  ),  where  wn  and  wp  are  the  widths  of  the  depletion  region 
in  the  n-type  and  p-type  layers,  respectively. 


from  Eq.  (16)  are  plotted  vs  inverse  temperature  in 
Fig.  2,  with  the  simplifying  assumption  that  the 
diffusion  length  is  independent  of  temperature.  For 
large  barriers  Vbar  and/or  low  temperatures  the  quan¬ 
tum  efficiency  does  decrease  exponentially  with  in¬ 
verse  temperature  when  the  second  term  in  the  de¬ 
nominator  of  Eq.  (16)  dominates;  however,  as  dis¬ 
cussed  by  Kosai  and  Radford,6  the  decrease  is  more 
gradual  at  more  modest  ratios  of  qVbar/kT. 

Depletion  Approximation  for  a 
Composifionally  Graded  Heterojunction 

In  order  to  obtain  analytic  expressions  for  the 
barrier  height  Vbar  and  average  field  E  in  Eq.  (16)  for 
a  given  material  structure,  we  now  compare  the 
simple  two-piece  potential  in  Eq.  (3)  to  the  potential 
calculated  for  a  compositionally  graded  heterojunction 
in  the  depletion  approximation.  LoVecchio  et  al.14 
gave  expressions  for  the  depletion  approximation  for 
the  case  of  a  heterojunction  diode  including  the  effects 
of  the  alloy  composition  change  on  the  effective  elec¬ 
tric  potential  in  the  base.  Their  derivation  was  based 
on  a  model  in  which  there  is  no  valence  band  offset. 
Recent  experimental  evidence  suggests  that  there  is, 
in  fact,  an  offset  of  about  350  meV  at  the  CdTe-HgTe 
interface;15  we  assume  that  this  offset  varies  approxi¬ 
mately  linearly  with  alloy  composition.  Here  we  give 
a  modified  derivation  which  includes  the  effect  of  the 
valence  band  offset,  and  also  includes  the  effect  of  the 
variation  of  the  effective  mass  with  position.  Figure  3 
illustrates  schematically  the  dependence  of  the  poten¬ 
tial  on  position.  In  this  figure,  -wn  is  the  position  of  the 
depletion  region  edge  at  the  n-type  base  interface,  -zm 
the  position  of  the  maximum  in  the  potential,  wp  the 
position  of  the  depletion  region  edge  at  the  p~type  cap 
interface,  and  z  =  0  the  position  of  the  base-cap  doping 
transition  (where  we  have  changed  coordinates,  for 
convenience,  to  z  =  y  -  d). 

In  Region  1  in  Fig.  3  (z  <  -wn),  the  position  of  the 
conduction  band  is  approximately  fixed  relative  to  the 
F ermi  level  by  the  n-type  doping,  so  that  as  the  energy 


gap  increases  the  position  of  the  valence  band  de¬ 
creases  by  the  same  amount,  thus  increasing  the  hole 
electrostatic  potential.  In  the  Boltmann  approxima¬ 
tion,  the  potential  varies  with  the  position-dependent 
alloy  composition  x(z)  according  to  the  expression 


\|/(z)  = 


V x(z) : 


An 


N.N, 


n?[x(z),T] 


'  Vvo[xcap  -x(z)j- V  (17) 


where  T  is  the  temperature,  qVvo  =  0.35  eV  is  the 
assumed  valence  band  offset  at  the  CdTe/HgTe  inter¬ 
face,  xcap  is  the  alloy  composition  in  the  bulk  of  the  cap, 
and  V  is  the  bias  voltage  applied  across  the  junction. 
The  intrinsic  carrier  concentration  is  given  by  the 
expression  of  Hansen  and  Schmit16 

m(x,T)  = 

1014  ni0  (x,T)E//4  (x,T)T3/2  exp[-Eg(x,T)/2kT]  (18) 

where  E  (x,T)  is  the  energy  gap  given  by  Seiler  et  al.17 
(for  E^  in  eV  and  T  in  K): 


Eg(x,T)  =  -0.302  +  1.93x  -  0.81x2  +  0.832x3 

+  0.000535  (  T3  ~  1822  )(1  -  2x)  (19) 

l^T2  +255.2J 

and  ni0(x,T)  =  5.585  -  3.82x  +  0.001753T 

-  0.001364xT  (20) 


If  one  neglects  the  variation  with  x  of  the  prefactors  in 
Eq.  (18)  (which  incorporate  the  variation  of  the  band- 
edge  density  of  states  or  the  effective  mass)  then  Eq. 
( 17)  reduces  to  an  expression  similar  to  that  in  Ref.  14 


Mfi(z)  ~  Vbi  +  Eg[x(z),T]  -  Egl 

-  VVC)[Xcap  -  X(z)j  -  V  (2D 

where  Vbi  is  the  junction  built-in  voltage  without  a 
heterojunction  (the  first  term  of  Eq,  (17)  for  x(z)  equal 
to  the  base  alloy  composition)  and  Effl  is  the  energy 
gap  in  the  bulk  of  the  base  region. 

In  the  spirit  of  the  depletion  approximation,  we 
assume  that  Region  2  of  Fig.  3  (-wn  <  z  <  0)  has  no  free 
carriers  so  that  the  potential  depends  on  the  density 
of  donors  Nd  according  to  the  solution  to  Poisson’s 
equation 


f,(z)  =  A(z  +  zm)2  +  C  (22) 

zq 

where  e  is  the  dielectric  constant  (assumed  to  be 
independent  of  alloy  composition)  and  C  is  a  constant 
to  be  determined.  Similarly,  in  Region  3  (0  >  z  >  wp) 

V3(z)  =  ^A-(z-zp)'  (23) 

and  for  z  >  w  ,  we  define  \j/(z)  =  0. 
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The  conditions  that  the  potential  and  its  derivative 
be  continuous  at  z  =  -wn  and  wp  are  solved  to  give  an 
expression  for  the  position  wn  of  the  edge  of  the 
depletion  region  in  the  base 


w 


2 

n 


2eE„ 

qNd 


Wn 


2  e 

qNd 


Yi(-wn) 


(24) 


where  En  =  d\[/(z)/dz  at  z  =  -wn  is  the  effective  retarding 
field  at  the  edge  of  the  depletion  region,  and  we  have 
made  the  approximation  Na  »  Nd. 

The  variation  of  the  alloy  composition  in  an  LPE- 
grown  heterojunction  where  the  alloy  composition 
variation  is  centered  around  z  =  -z0  (positive  offset  z0 
toward  the  base)  is  of  the  form7 

x(z)  =  xcap  -  0.5(xcap  -  xbase)erfc[2(z+z0)/W]  (25) 

where  xbase  is  the  composition  in  the  bulk  of  the  base 
layer,  and  W  is  the  distance  over  which  the  composi¬ 
tion  change  varies  from  7.9  to  92.1%  of  the  total 
change.  The  erfc  dependence  results  from  alloy  inter- 
diffusion.  When  this  expression  is  substituted  into 
Eq.  (17)  and  Eq.  (24),  the  resulting  equation  can  be 
solved  only  numerically.  We  have  made  such  calcula¬ 
tions  and  will  compare  the  results  with  the  numerical 
models  in  the  next  section,  but  for  the  purposes  of 
obtaining  a  completely  analytical  expression  for  wn 
(which  we  need  to  calculate  the  quantum  efficiency 
analytically)  we  approximate  E  (z)  by  a  linear  varia¬ 
tion  in  an  arbitrarily  defined  region  -z'  <  z  <  -z'  +  W' 
(see  Fig.  3): 

Eg(z)  =  Egl  +  AEg(z+z')/W'  (26) 

where  AEct  =  E  (x  „  ,T)  -  E and  the  best  fit  to  the 

g  g  cap’  gl7 

analytical  model  gives  W'  approximately  1.25  W  and 
z'  =  z0  +  W72.  With  this  approximation,  and  defining 
the  total  valence  band  offset  as  Vv0'  =  Vvo(xcap  -  xbase), 
the  linearized  potential  is  given  by 

¥l(z)  =  Vbi  -  V'vo  -  V  +  E(z+z')  -z'  <  z  ,  —t!  +  W'(27) 

and  the  retarding  field  is  a  constant  E  =  (AEg- Vv0')/W'. 
The  solution  to  Eq.  (24)  is  now 


wn(V) 


2  e 
qNd 


|V2 


(K-v) 


(28) 


where  we  have  defined  a  new  effective  built-in  voltage 

Vb'=Vbi-V;o+Ez'  (29) 

Eq.  (28)  is  valid  as  long  as  z'- W'  <  wn  <  zf  The  effective 
potential  “barrier”  is  the  difference  between  the  po¬ 
tential  at  the  depletion  region  edge  z  =  -wn  and  that 
in  the  bulk  of  the  base,  which  is 

Vbar(V)  =  Eb(V)  (30) 

where  we  have  defined  a  “barrier  distance” 


b(V)  =  z,-wn(V)  (31) 

As  the  reverse  bias  is  increased  (V  <  0),  Eq.  (28) 
shows  that  wn  is  also  increased  (the  depletion  region 
moves  into  the  base,  away  from  the  alloy  composition 


increase)  thus  reducing  the  barrier  distance  b(V) 
which,  according  to  Eq.  (30),  reduces  the  barrier 
voltage  Vbar(V).  According  to  Eq.  (16),  this  results  in 
an  increase  in  the  quantum  efficiency  at  reverse  bias. 
Combining  Eqs.  (30),  (31),  and  (28)  gives 


VW(V)  =  E 


z  — 


2  G 

qNd 


(vi-v) 


(32) 


J  J 


which,  when  combined  with  Eq.  (16),  gives  an  analyti¬ 
cal  function  for  the  quantum  efficiency  as  a  function 
of  the  bias  voltage  V.  We  will  make  further  approxi¬ 
mations  to  this  function  in  the  next  major  section,  in 
order  to  compare  the  model  with  the  results  of  nu¬ 
merical  calculations  and,  in  the  section  on  Compari¬ 
son  with  Experimental  Data,  with  experimental  data. 

Diode  Current,  Dynamic  Resisistamce, 
and  Noise 

We  now  show  that  the  bias-dependent  quantum 
efficiency  immediately  gives  an  illumination-depen¬ 
dent  shunt  resistance  which  can  be  calculated  from 
the  same  analytical  model.  The  analytical  model  for 
the  quantum  efficiency  [Eq.  (16)  combined  with  Eq. 
(32)]  gives  the  following  expression  for  the  product  of 
the  illumination- dependent  shunt  resistance  RA(V)12 
which  is  the  inverse  of  the  first  term  in  Eq.  (2)  which 
can  be  written 


1 

Ra(V) 


-Ib(V) 


1  dn(V) 

r|  dV 


(33) 


and  the  magnitude  of  the  bias-dependent  background 
current  Ib(V)  =  qij(V)QbA  in  Eq.  (1): 


Ib(V)RA(V) 


2L(Vb'i-V)e^v-(V)/kT 
r|(V)wn(V)  sTnh(d  / L) 


(34) 


where  we  have  neglected  the  small  dependence  of  d' 
on  V  (d'  ~  d).  We  should  point  out  that  it  is  the 
dependence  of  d'  on  V  in  Eq.  (16)  that  is  the  source  of 
the  effect  described  by  Rosbeck  et  al.8’9  The  effect  is 
small  in  this  case  only  because  of  the  larger  effect  of 
the  variation  of  the  barrier  voltage  Vbar(V). 


product 


IRu  =- 


define 

a 

1 

1  dri 

_rf  dV 

v=o 

Ib(0)RA(0). 


(35) 


Smaller  values  of  IRb  correspond  to  larger  decreases 
in  the  total  diode  resistance  for  a  given  illumination 
level.  For  moderate  values  of  qVbai/kT,  IR^  decreases 
exponentially  with  Vbar;  the  decrease  is  more  rapid 
than  the  decrease  in  the  quantum  efficiency  p  because 
of  the  first  term  in  the  denominator  of  Eq.  (16).  Thus, 
the  reduction  in  the  diode  resistance  can  be  a  stronger 
effect  than  the  reduction  in  the  quantum  efficiency.  In 
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<3  *  *  * .  )/  =  -40mV  j 

No  Barrier:  V  0.  -iOnrcV  j 

O.OGS+OO  5.C0E+C0  1.0QE-01  1.5CE-01 

Position  (urn) 

Fig.  4.  Light-induced  carrier  density  vs  position  in  the  base  neutral 
region  for  the  case  of  a  HgCdTe  homojunction  (lower  curves)  and  a 
heterojunction  with  a  barrier  (upper  curves).  The  curves  were  calcu¬ 
lated  for  0  (solid  lines)  and  -40mV  (dashed  lines)  bias.  The  curves 
were  calculated  using  the  HET  111  modeling  program  except  for  the 
heavy  lines  which  were  calculated  using  the  analytical  approximation 
for  the  parameters  given  in  the  text. 


the  limiting  case  where  r\  is  in  the  strong  exponential 
region,  the  IR  product  (for  V  =  0)  is  given  by 


2kTVf  r  qV,  , 

- bi_  for  »  1 

qEwn  kT 


which  is  about  a  factor  of  kT/qEL  smaller  than  a 
simplified  version  of  the  expression  given  by  Rosbeck 
et  al.9  for  the  homojunction  case 


“  b,  homojunction 


w0  tanh(d/L) 


where  w0  is  the  junction  depletion  width.  (This  ex¬ 
pression  results  from  the  assumptions  aL  »  1  and  no 
surface  recombination.) 

If  the  bias-dependent  shunt  resistance  were  a  true 
resistance  the  diode  current  noise  would  be  increased 
by  an  extra  Johnson  noise  term.  The  accepted  model 
for  the  current  noise  for  a  diffusion-limited  diode  with 
current  given  by  Eq.  (1),  if  the  quantum  efficiency  r\ 
does  not  depend  on  bias  and  there  is  no  illumination- 
dependent  resistance,  can  be  written,  at  low  frequen¬ 
cies,18 


where  R0  =  R(0).  Since  in  reverse  bias  R(V)  increases 
rapidly  (exponentially  for  diffusion-limited  diodes), 
the  last  term  in  Eq.  (38)  generally  becomes  very  small 
so  that  the  total  current  noise  decreases  in  reverse 
bias. 

When  rj  depends  on  V,  one  must  be  careful  to 
separate  the  noise  terms  due  to  the  thermal  and 
illumination-dependent  inverse  resistance  terms.  The 
illumination-dependent  resistance  results  simply  from 
differentiating  the  current  vs  voltage  and  therefore 
does  not  generate  a  thermal  noise  term  as  do  the  other 
resistance  terms.  The  following  expression  incorpo¬ 
rates  the  shot  noise  due  to  the  illumination-depen¬ 


dent  current  and  the  thermal  noise  from  the  “dark” 
resistance: 


P(V)  =  2qIb  (V)  +  +  2kT 

Rdk(0)  Rdk(V) 


where  Rdk(V)  is  the  dynamic  resistance  due  to  the  true 
dark  current  only  (measured  with  no  illumination).  If 
the  heterojunction  barrier  produces  a  large  variation 
t|(V),  the  current  noise  in  large  optical  backgrounds 
will  be  dominated  by  the  shot  noise  on  the  background 
current,  which  increases  with  reverse  bias;  thus  in 
this  case  the  noise  will  increase,  rather  than  decrease, 
with  reverse  bias.  We  will  compare  this  model  with 
experimental  data  in  the  section  entitled  Comparison 
wth  Experimental  Data. 


NUMERICAL  MODEL 
Comparison  with  the  Analytical  Model 

We  have  used  the  same  numerical  modeling  pro¬ 
gram  (“HET  III”)  that  was  modified  by  Kosai  and 
Radford7’19  from  the  Stanford  SEDAN  program20  to 
calculate  the  quantum  efficiency  and  dynamic  resis¬ 
tance  to  compare  with  the  analytical  model  described 
in  the  previous  section.  The  program  solves  the  coupled 
Poisson  and  carrier  transport  equations  for  a  number 
of  semiconductor  materials  and  device  structures;  the 
enhancements  by  Kosai  and  Radford7  include  optical 
effects  and  erfc  composition  profile  options.  The  ver¬ 
sion  of  the  program  we  used  did  not  include  a  valence 
band  offset  for  HgCdTe.  More  detailed  descriptions 
are  given  in  Refs.  7  and  20.  We  did  modify  the  program 
to  incorporate  the  expression  of  Seiler  et  al.17  for  the 
energy  gap  as  a  function  of  x  and  T. 

Figure  3  compares  the  electrostatic  potential  calcu¬ 
lated  using  the  analytical  model,  with  and  without 
the  linear  approximation  to  the  alloy  composition,  to 
that  calculated  using  HET  III.  The  assumed  base 
cutoff  wavelength  was  11  pm  at  a  temperature  of  80 
K  (x  =  0.2185)  The  cap-base  alloy  composition  differ¬ 
ence  Ax  was  0.04  with  an  erfc  width  W  of  0.5  pm 
centered  at  an  offset  z0  of  0.5  pm  (into  the  base).  There 
was  no  applied  bias.  For  the  numerical  modeling  the 
photon  wavelength  was  8  pm  (absorption  coefficient  a 
=  3200/cm)  and  the  background  flux  Qb  was  1014  ph/ 
cm2-s.  The  base  layer  was  15  pm  thick  and  the  cap  2 
pm.  The  base  and  cap  doping  concentrations  were 
1  x  1015  and  2  x  1017/cm3,  respectively.  Fermi-Dirac 
statistics  were  used.  The  base  layer  hole  lifetime  x 
was  calculated  using  an  Auger  model  giving  approxi¬ 
mately  1.2  ps  in  the  neutral  region.  The  base  layer 
hole  mobility  was  745  cmW-s  giving  a  hole  diffusion 
length  L  of  23  pm.  For  the  analytical  models,  no 
valence  band  offset  was  used,  for  consistency  with  the 
HET  III  calculations.  There  is  a  small  difference 
between  the  analytical  and  numerical  potential,  and 
the  linearized  potential  is  clearly  only  a  crude  ap¬ 
proximation.  The  estimated  base  layer  depletion  width 
wn  is  nearly  the  same  for  the  three  models:  0.53  pm  for 
an  extrapolation  of  the  carrier  density  to  near  0  in 
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HET  III,  0.54  \xm  for  the  quasi-analytical  model  [Eq. 
(17)]  and  0.59  jam  for  the  linearized  analytical  model 
[Eq.  (28)]. 

A  similar  comparison  of  the  quantum  efficiency  r\ 
and  the  IR  product  IRb  from  the  numerical  and  linear¬ 
ized  analytical  models  [Eq.  (16)  and  Eq.  (32)],  for  the 
same  structure  as  in  Fig.  3,  for  different  alloy  compo¬ 
sition  steps  Ax  =  x  -  xbace,  shows  reasonably  good 
agreement,  considering  that  the  quantum  efficiency 
in  the  presence  of  a  barrier  is  strongly  influenced  by 
the  exponential  term  in  the  denominator  of  Eq.  (16) 
and  that  the  linearized  potential  approximation  is  so 
crude.  As  in  the  case  of  tunneling,  it  is  very  difficult  to 
make  accurate  calculations  when  the  behavior  is 
dominated  by  exponential  effects.  At  80K,  a  value  of 
the  parameter  W7W  of  about  two  gives  the  best 
agreement,  instead  of  the  ratio  1.25  which  gives  the 
best  approximation  to  the  erfc  function  (Fig.  3).  For 
this  case,  the  quasi-analytical  model  gives  a  quantum 
efficiency  of  65%  and  a  zero-background  IR  product  of 
0.29  V,  compared  to  70%  and  0.21  V,  respectively, 
from  the  HET  III  numerical  model. 

Calculations  for  the  heterojunction  structure  for  a 
temperature  of  40K  show  that  the  zero-bias  quantum 
efficiency  is  strongly  reduced,  to  9%  from  the  numeri¬ 
cal  model,  2%  from  the  quasi-analytical  model  with 
W'/W  equal  to  1.25,  and  the  IR  product  is  reduced  by 
an  even  larger  amount,  to  0.013  or  0.03  V,  respec¬ 
tively.  As  one  might  expect,  the  effects  of  the  barrier 
at  lower  temperatures  are  much  stronger  and  vary 
more  with  the  alloy  composition  step. 

We  have  used  the  HET  III  model  to  calculate  the 
variation  with  position  of  the  photogenerated  carrier 
concentration  for  a  flux  Qb  of  1  x  1018ph/cm2-s,  and 
have  compared  the  results  with  the  analytical  ap¬ 
proximation  [the  solution  to  Eqs.  (10)— (13)  substi¬ 
tuted  into  Eq.  (6)].  Figure  4  gives  the  results  of  the 
numerical  calculation  for  applied  biases  of  0  and  -40 
mV  for  the  case  of  no  barrier  (Ax  =  0)  and  for  the  above 
case  of  Ax  =  0.04,  W  =  0.5  pm,  z0  =  0.5  pm.  The  plots 
illustrate  the  dramatic  difference  between  the  case 
with  no  barrier,  with  a  nearly  exponential  decrease  of 
the  carrier  concentration  throughout  the  base,  and  a 
small  offset  at  reverse  bias  which  produces  only  a  very 
small  quantum  efficiency  variation  and  illumination- 
dependent  shunt  resistance,  and  the  case  with  a 
barrier  where,  as  described  in  Ref.  7,  the  carriers  “pile 
up”  in  the  base  and  decrease  abruptly  due  to  the 
retarding  field  in  the  barrier  region.  In  this  case,  the 
reverse  bias  has  a  large  effect  on  the  light-induced 
carrier  concentration  by  moving  the  edge  of  the  deple¬ 
tion  region  away  from  the  barrier  region,  reducing  the 
barrier  width,  hence  the  barrier  height  and  the  car¬ 
rier  pile-up,  allowing  a  larger  current  to  flow  into  the 
junction. 

The  calculation  for  the  depletion  model  for  the 
barrier  case  in  Fig.  4  agrees  quite  well  with  the 
numerical  model,  when  the  parameters  wn,  Vbar,  and 
b  are  adjusted  slightly  from  the  linearized  approxi¬ 
mation.  Thus,  Fig.  3  and  Fig.  4  show  that  the  analyti¬ 
cal  model  describes,  at  least  semi-quantitatively,  the 


important  physics  of  the  effect  of  a  heterojunction 
barrier  on  the  quantum  efficiency,  the  background- 
induced  shunt  resistance,  and  the  photogenerated 
carrier  density. 

Case  Studies 

We  have  used  the  HET  III  model  to  make  a  detailed 
assessment  of  the  effect  of  illumination  on  a  photo¬ 
diode  with  and  without  a  heterojunction  barrier,  and 
on  the  temperature  dependence  of  the  effect.  We  have 
also  compared  some  results  with  the  analytical  model. 

Figure  5  compares  the  “dark  current”  IV  curves 
[J(V,Qb)  -  J(0,Qb)]  calulated  for  the  two  structures 
used  previously,  with  and  without  a  barrier  (Ax  =  0.04 
for  the  barrier  case).  Both  show  an  background-in- 


Fig.  5.  Numerical  model  results  for  the  “dark”  current  density  J(V,Qb) 
-  J(0,Qb)  for  background  illumination  fluxes  from  0  to  1 019ph/cm2-s  for 
two  structures:  (a)  homojunction,  and  (b)  heterojunction  with  a  barrier. 
The  parameters  of  the  structures  are  given  in  the  text. 


Fig.  6.  Numerical  model  results  for  the  bias-dependent  quantum 
efficiency  for  background  illumination  fluxes  from  0  to  1 019ph/cm2-s  for 
the  case  of  a  heterojunction  with  a  barrier  (Fig.  5b),  compared  to  the 
analytical  model  (heavy  solid  line)  with  parameters  given  in  the  text. 
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Fig.  7.  Numerical  mode!  results  for  the  dynamic  resistance-area 
product  vs  bias  for  background  illumination  fluxes  from  0  to  1 019ph/ 
cm2-s  for  the  structures  given  in  Fig.  5:  (a)  homojunction,  and  (b) 
heterojunction  with  a  barrier. 


duced  increase  in  the  current.  At  a  flux  of  1017ph/cm2- 
s,  there  is  only  a  small  increase  in  the  current  for  the 
homojunction  (about  ICHA/cm2  at  -0.1  V  bias  in  Fig. 
5  a)  but  a  much  larger  increase  for  the  barrier  case 
(2  x  10_3A/cm2  at  -0.1  V  in  Fig.  5b).  The  quantum 
efficiency  [proportional  to  J(V,Qb)  -  J(V,0)]  is  ap¬ 
proximately  independent  of  bias  for  the  homojunction 
but,  as  shown  in  Fig.  6,  varies  strongly  with  bias  for 
the  barrier  case. 

Figure  6  also  shows  that  the  quantum  efficiency,  as 
expected  for  a  linear  device,  is  independent  of  flux 
level  up  to  nearly  1018ph/cm2-s  where  high  level  injec¬ 
tion  effects  occur.  Figure  6  also  shows  that  the  analyt¬ 
ical  model  [Eq.  (16)]  describes  very  well  the  bias 
dependence  of  the  quantum  efficiency,  using  pa¬ 
rameters  adjusted  to  improve  the  fit.  We  have  rewrit¬ 
ten  Eq.  (16)  as 


T|(V)  = 


•n(-°°) 

[i+pe<i+«v/pnq 


(40) 


where  we  have  expanded  the  expression  for  Vbar(V) 
[Eq.  (30)]  to  give  a  linear  dependence  on  V.  In  Eq.  (40), 
the  two  parameters  IRh  and  (3  are,  respectively,  the 
zero-bias  IR  product  Ib(0)RA(0)  [Eq.  (35)]  and  the 
increase  of  the  quantum  efficiency  at  very  large  re¬ 
verse  bias: 


n(0) 


l+p 


(41) 


In  the  case  illustrated  in  Fig.  6,  the  numerical  model 
gives  IRh  =  0.21  V  and  (3  =  0.18,  giving  an  increase  of 
18%  in  the  quantum  efficiency  from  0  to  large  reverse 
bias.  The  analytical  model  prediction  for  IRh  is  given 
by  Eq.  (34)  for  V  =  0  and  for  (3  the  analytical  model 
gives 


IRk 


2LVbie_qVb-(0)/kT 

wn(0)Ti(0)  sinh(d  /  L) 


=  IR 


b,  homojunction 


e^qVto(0)/kT(42) 


r  =  ^  tanhf— leqVbar(0)/kT 

H  qEL  [LJ 


(43) 


which  gives  Ii^  =  0.32  V  and  (3  =  0.27  (as  before,  fair 
agreement  with  the  numerical  model). 

Figure  7  illustrates  the  dynamic  resistance-area 
product  Rd(V)A  calculated  numerically  from  the  IV 
curves  in  Fig.  5.  The  resistance  at  Qb  =  0  is  similar  for 
the  two  structures  and  follows  the  diffusion  trend 
exp(qV/kT)  for  the  homojunction  and  for  the  barrier 
case  below  about  20  mV  reverse  bias.  The  back¬ 
ground-induced  shunt  resistance  is  much  lower  for 
the  case  of  the  heterojunction  with  a  barrier,  with  a 
zero-bias  IR  product  of  0.2 1 V  for  the  barrier  case  (Fig. 
7b)  compared  to  11 V  (in  agreement  with  the  expres¬ 
sions  of  Rosbeck  et  al.)s  for  the  homojunction.  Thus, 
the  effect  of  the  barrier  on  the  background-induced 
shunt  resistance  (about  a  factor  of  50  reduction)  can 
be  much  stronger  than  the  effect  on  the  quantum 
efficiency  (only  about  18%  reduction). 

COMPARISON  WITH  EXPERIMENTAL  DATA 

In  order  to  show  that  the  above  calculations  can  be 
useful  in  understanding  the  quantum  efficiency  and 
dynamic  resistance  of  HgCdTe  heterojunction  photo¬ 
diodes,  we  compare  the  results  to  a  representative  set 
of  experimental  data.  The  LPE  P-on-n  diodes  tested 
were  mesa-delineated,  backside-illuminated  diodes 
with  nominal  structural  parameters  similar  to  those 
used  in  the  HET  III  modeling  above.  They  were  grown 
on  CdTe  substrates  and  passivated  with  CdTe.  Be¬ 
cause  of  the  limited  amount  of  information  available 
on  the  detailed  heterojunction  structure  of  the  diodes 
tested,  and  because  of  the  sensitivity  of  the  model  to 
these  details,  due  to  the  exponential  behavior,  our 
goal  in  this  section  is  to  show  that  the  parameterized 
version  of  the  model  can  give  agreement  with  the 
trends  of  the  experimental  data. 

A  long  wavelength  infrared  (LWIR)  array,  with  a 
cutoff  wavelength  of  11.39  urn  at  a  temperature  of 
77K  was  tested  at  a  temperature  of  40K  with  four 
different  optical  backgrounds  ranging  from 
2.7  x  1015ph/cm2-s  to  1.2  x  1012ph/cm2-s.  At  80K,  this 
array  had  good  but  somewhat  bias-dependent  quan¬ 
tum  efficiency,  83%  at  0  bias  and  95%  at -40  mV,  from 
the  extrapolation  to  infinite  area  of  a  group  of  sparse 
variable-area  diodes.  The  zero-bias  large-area  quan¬ 
tum  efficiency  decreased  at  40K  to  28%.  Some  of  this 
reduction  can  be  attributed  to  a  reduction  in  the  hole 
diffusion  length  L. 
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There  is  evidence  for  a  heterojunction  barrier  for 
this  array,  in  that  the  ratio  of  the  optical  response  at 
-40  mV  bias,  to  that  at  0  bias,  averaged  1.15  at  77K 
and  increased  to  1.59  at  40K  for  35  pm  pitch  diodes 
with  20  pm  mesas.  Also,  the  zero-bias  resistance  R0 
was  significantly  larger  at  the  lowest  than  at  the 
highest  backgrounds  (by  about  three  orders  of  magni¬ 
tude).  Figure  8  plots  the  inverse  of  the  zero-bias 
resistance  as  a  function  of  the  zero-bias  background 
current  Ib,  with  a  fit  to  a  parameterized  version  of  Eq. 
(33): 


—  =  -*-  +  — —  (44) 

R0  iRb  Rdk(0) 

Clearly,  the  fit  is  very  good,  using  a  value  for  the 
barrier-induced  IR  product  IR^  of  84  mV  for  one 
element  and  53  mV  for  another.  In  fact,  Fig.  8  shows 
that  the  “dark”  resistance  Rdk(0),  estimated  to  be 
about  10nQ,  is  negligible  at  all  but  the  lowest  back¬ 
grounds,  so  that  the  product  I(0)R(0)  at  the  f/8  back¬ 
ground  is  dominated  by  IR^  The  variation  in  IR^  from 
element  to  element  is  probably  due  to  small  varia¬ 
tions  in  the  barrier  height  within  this  array  which, 
because  of  the  exponential  dependence,  can  produce 
large  variations  in  and  also  somewhat  lesser 
variations  in  the  zero-bias  quantum  efficiency.  It 
should  be  pointed  out  that  this  array  was  chosen  as  an 
example  because  it  had  more  evidence  than  usual  of 
such  barrier  effects. 

Figure  9  compares  the  quantum  efficiency  of  one 


Fig.  8.  Plots  of  the  inverse  zero-bias  resistance  R(0)  vs  the  magnitude 
of  the  background  current  lb  for  two  representative  elements  of  a  test 
array  at  a  temperature  of  40K. 


Fig.  9.  Quantum  efficiency  vs  reverse  bias  for  one  element  of  the  same 
test  array  as  in  Fig.  8,  compared  to  the  parameterized  model. 


element  of  this  array,  as  a  function  of  reverse  bias,  to 
a  fit  using  Eq.  (40),  with  parameters  rj( — oo)  =  49.5%, 
IRh  =  55  mV,  and  (3  =  1.08.  The  quantum  efficiency  was 
calculated  by  taking  the  difference  between  IV  curves 
measured  with  high  and  low  backgrounds.  The  fit  is 
excellent  up  to  a  reverse  bias  of  about  -100  mV,  at 
which  point  the  leakage  current  became  comparable 
to  the  background  current  and  a  small  temperature 


Fig.  10.  Current  noise  vs  frequency  for  one  element  of  the  same  test 
array  as  in  Figs.  8-1 0.  (a)  T  =  77K,  f/8  cold  shield,  (b)  T  =  40K,  f/8  cold 
shield,  and  (c)  T  =  40K,  0.025  in.  pinhole  with  cold  spike  filter  (Qb  = 
1.2  x  lO^ph/crrP-s). 
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Table  I.  Summary  of  the  Noise  Measurements  in  Figure  1 


t,  m 

77  K,  f/8 

40  &,  f/8 

40K,  pinhole 

G  (VIA) 

10s 

10s 

IQ11 

1(0)  (A) 

2.00  x  10~9 

1.39  x  10-9 

6.36  x  10-13 

R(0)  LG) 

3.67  x  106 

3.62  x  107 

1.97  x  1011 

I  40)  calc. 

3.3  x  10~14 

2.7  x  10-14 

6.2  x  10-16 

In-(0)  meas. 

3.3  x  10-14 

2.7  x  10-14 

*1.0  x  10-35 

I(-40mV)  (A) 

— 

2.24  x  10-9 

— 

7.76  x  IQ-13  — 

R(-40mV)  (G) 

1.12  xlO7 

— 

6.72  x  107 

—  2.02  x  1011 

In2(-40mV)  calc. 

2.8  x  10-14 

3.1  x  10-14 

2.6  x  10"14 

6.4  x  10-16  6.2  x  10-16 

In2(-40mV)  meas. 

2.8  x  10-14 

3.1  x  10-14 

*1.0  x  10-15 

Note:  Giving  for  each  temperature  T  and  f/#  the  preamplifier  gain  G,  the  measured  current  I  and  resistance  R  at  biases  of  0  and  -40mV,  and 
the  calculated  current  noise  In  at  each  bias,  compared  to  the  measured  noise  at  the  same  bias.  For  each  of  the  40K  tests,  there  are  two  columns 
giving  the  calculations  using  the  noise  model  which  includes  the  barrier  effects  [Eq.  (38)]  based  on  a  shot  noise  model  for  the  total  current, 
and,  for  comparison,  using  the  standard  model  [Eq.  (38)]  which  assumes  a  thermal  origin  for  the  dark  current  and  dynamic  resistance.  For 
the  40K,  f/8  tests, the  shot  noise  model  agrees  much  better  with  the  measured  noise.  Because  of  the  small  additional  noise  at  40K  with  the 
0.025  in.  pinhole,  where  there  is  a  small  excess  measured  noise  due  to  shunting  effects  in  the  cables  and  dewar  wiring,  the  measurement 
is  not  accurate  enough  to  distinguish  between  the  two  models. 


difference  between  the  low  and  high  background  tests 
could  have  resulted  in  a  change  in  the  true  “dark” 
current,  rather  than  a  true  change  in  the  optically 
generated  current. 

Finally,  the  current  noise  was  measured  as  a  func¬ 
tion  of  frequency  to  confirm  that  the  illumination- 
dependent  shunt  resistance  does  not  in  itself  generate 
additional  noise.  Figure  10  illustrates  the  current 
noise  spectra  for  three  cases:  f/8  cold  shield  at  77  and 
40K,  and  very  low  background  (0.025  in.  pinhole  with 
a  cold  spike  filter)  at  40K.  Each  plot  contains  three 
curves,  taken  at  biases  of  0,  -40,  and  -80  mV.  The 
results  of  these  tests  are  summarized  in  Table  I.  The 
gain  of  the  amplifer  was  1G8V/A  for  the  f/8  background 
cases  and  10UV/A  for  the  low  background  case.  At 
77K,  the  noise  is  dominated  by  the  zero-bias  back¬ 
ground  shot  noise  and  by  the  detector  diffusion  cur¬ 
rent  terms  and  fits  the  standard  noise  model  [Eq.  (38)] 
very  well,  with  the  addition  of  a  term  due  to  the 
amplifier  thermal  noise.  The  noise  in  Fig.  10a  is 
higher  at  zero  bias  than  at  reverse  bias.  At  the  same 
background  but  at  a  temperature  of  40K  (Fig.  10b), 
the  opposite  is  true:  the  noise  is  dominated  by  the 
barrier-induced  bias-dependence  of  the  quantum  effi¬ 
ciency,  so  that  the  noise  is  indeed  larger  at  reverse 
than  at  zero  bias,  in  agreement  with  Eq.  (39)  again 
adding  a  term  due  to  the  amplifier  thermal  noise. 
Finally,  at  40K  and  low  background  (Fig.  10c),  neither 
effect  dominates,  so  that  the  noise  is  approximately 
independent  of  bias.  The  increase  of  the  noise  with 
frequency  in  this  case  is  due  to  the  input  amplifier 
noise  voltage,  coupled  as  a  current  noise  by  the  input 
cable  and  dewar  lead  capacitance,  at  this  very  low 
noise  level.  There  also  is  a  small  excess  noise  due  to 
shunt  effects  in  the  cable. 

SUMMARY  AND  CONCLUSIONS 

This  work  has  developed  a  new  analytical  model 
which  gives  fair  agreement  with  numerical  models 
and,  more  importantly,  elucidates  the  important  phys¬ 


ics  of  the  effect  of  a  heterojuntion  barrier  on  the 
quantum  efficiency  and  dynamic  resistance  of  a 
HgCdTe  LPE  P-on-n  photodiode.  A  parameterized 
version  of  the  expression  for  the  bias-dependent  quan¬ 
tum  efficiency  and  the  barrier-induced  shunt  resis¬ 
tance  agrees  w7ell  with  experimental  data  and  reveals 
the  extent  to  which  these  effect  are  related  to  each 
other. 

A  comparison  of  the  model  with  exp  erimental  data 
shows  that  the  effect  of  the  barrier  becomes  much 
stronger  at  lower  temperatures  and  for  longer  cutoff 
wavelength  diodes,  and  that  there  can  be  a  large 
variation  in  the  barrier  effects  within  small  areas  of 
the  LPE-grown  HgCdTe  material.  This  variability 
may  be  the  source  of  at  least  some  of  the  commonly 
reported  increase  in  the  variability  of  the  R0A  product 
as  the  temperature  is  decreased  from  80  to  40K. 
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